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PEEFACE 


DuitiNG the past twenty-five years the applications of Physics to Industry have 
grown enormously. The National Physical Laboratory was opened in 1900, while 
Universities aiid Technical Colleges have multiplied, and recent years have seen 
the growth of the Department of Scientific and Industrial Research, with its 
Research Associations in many fields, its studentships, and its skilled Research 
workers. 

Meanwhile, the results of the labours of the past are, for the most part, 
scattered in the Ffoccedwic/s of learned Societies or stored in the brains of the 
active -workers to whose efforts they are due. 

To find out what are the latest methods of Calorimetry, what exactly is 
known about the laws of Priction, how far has the theory of the Steam Engine 
advanced, what are the principles on which methods of accurate gauging or of 
the determination of the many factors which come into the lay-out of a big 
electrical plant, the design of a Dynamo, or the methods of Pyrometry are based, 
means a long search in Libraries and, not infrequently, a futile journey to some 
place whore it is hoped the wislied-for information may be found. 

The Science of Aeronautics, the Design of Optical Instruments, the Methods 
of Metallurgy, the Construction of Clocks, Telescopes or Microscopes, the Laws 
of Music and Acoustics are all based on Physics. 

The manufacturer who is concorned ■\\dth these and, indeed, with countless 
other subjects must know, not perhaps all that has been done that would be 
too heavy a task— biit whoi-e he may find the latest and most accurate informa- 
tion on the subject with which ho is mainly concerned. This it has been the 
object of the Didiimuri/ of AjfVid Ph/nks to give. Applied Physics is a w'ide 
subject EU(I tlio task has been a heavy one. 

The Dictionary will appear in five volumes of 800-1000 pages each, and, as 
will bo soon from the names of some of the principal contributors, the Editor has 
been fortunate in securing the help of those most competent to write on each 
subject. Ilis tlnuiks arc duo, in the first place, to these colleagues, without whose 
cordial help tlio Dictionary could not have been produced. He is also indebted 
to a number of Scientific Societies whoso Councils have allowed use of illustra- 
tions from thok .PAimlinfjs to be freely made. Among these should be men- 
tioned in particular the Royal Society, the Institution of Mechanical Engineers, 
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and the Institution of Electrical Engineers. The same help has been I’eaclily 
afforded by a number of Publishers. 

It is clear that, with so large a range of subjects, any individual worker will, 
probably, be concerned mainly with one branch, and, with this in view, the 
volumes have been arranged, as far as possible, in subjects. To obtain informa- 
tion as to the latest advances of Applied Electricity it will not be necessary to 
purchase the sections of the Dictionary dealing with Aeronautics or Meteorology. 
The arrangement in each volume is alphabetical, but, at the same time, it has 
been thought best to deal with each main subject — for example, the Thermo- 
dynamics of the Steam Engine — in a continuous article ; references are given, 
each in its own alphabetical position, to the headings of the various sections of 
an article and to the more important subjects which it includes. 

R. T. G. 
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CORRIGENDA, VOL. I 

Page ix, List of Contributors, insert Wiietham, W. C. B., M.A., F.PwS. — Phase Pule. 
,, 89, ool. 2, last formula, for 0 read 0. 

,, 91, col. 2, Table, for independent read inductive. 

„ 255, col. 1, line 29, for AB x BC = AO^ read AB x AC = AO“. 

,, 255, col. 1, line 39, omit M from the product, 

„ 255, col. 1, line 44, for equation (1) read equation (2). 

„ 255, col. 1, line 45, interclianrje <p and 6. 

„ 2oG, col. 1, N.B. — R is used to denote both the radius of the rod and tbe force. 
5 , 2G5, col. 1, line 7, for Ingles read Inglis ; also in Index, p- lOGO, col. 2. 

„ 395, col, 1, last line, for to read towards. 

„ 503, ool. 2, formulae at top of column, for W{(A/a) - Ij read W KA/a)^ - 1', . 

„ 541, col. 2, lino 32, for Points 7'ead Parts. 

„ 54G, col. 1, lines 30 and 34, for tangential read transverse. 

„ 54G, col. 2, line 30, for on D read on DP. 

„ 540, col. 2, lino 32, for read 7/ to tally with figure. 

„ 547, ool. 1, line 33, for I6c read 

„ 547, col. 1, line 37, after moving hisert relatively to A. 

„ 549, col, 1, line 40, after so insert that. 

„ 59 J, col. 2, lino 11, after exceed msert by more than. 

„ 735, col. 1, lino 43, for force read speed. 

„ 735, col. 1, line 50, for plain read plane. 

,, 935, col. 1, formula 11, read f 

J a 4 

„ lOGG, col. 1, lino 17 from end, insert Thomson, James, before rope brake. 
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ABSOLUTE SCALE OF TEMPEBATURE— AIE METERS 

A 


Absolute Scale of Temperature (Kelvin). , 
If a perfectly reversible heat-engine takes 
in a quantity of heat at temj)erature Tj ' 
and rejects Q 2 at temperature To, then 
Q^/Tj = Q 2/'^2 pi'ovided the temperatures 
Tj and T 2 are measured on the absolute 
thermodynamic scale. Hence the ratio 
of two temperatures on that scale is equal 
to the ratio of the heat taken in to the 
heat rejected by any perfectly reversible 
engine working between those temperatures. 
See “ Thermodynamics,” §§ (17), (22) ; 

“ Engines, Thermodynamics of Internal 
Comimstion,” § (7). 

Absolute Zero, Definitions of, on “ Gas ” 
AND Work ” Scales. See “ Thermo- 
dynamics,” § (4). 

Absorption Dynamometers. See “ Dynamo- 
meters,” § (2). 

Absorption of Radiation as affecting 
the Readings of Radiation Pyro- 
meters. See “ Pyrometry, Total Radia- 
tion,” § (19). 

Abutment Pumps : 

Fixed. See “ Air-pumps,” § (25). 

Movable. See ibid. § (14). 

Acceleration Images. See “ Kinematics 
of Machinery,” § (4) (iv.). 

Accumulators, Hydraulic. See “Hydraulics,” 

§(’^ 5 ). 

Adiabatic CbiANOE. A change in the volume 
and pressure of a body carried out revers- 
ibly in such a way that no heat is allowed 
to pass to or from the body. See also 
“ Thermodynamics,” §§ (15), (38). 

Adiabatic Equation for a Perfect Gas. 
Sc’iO “ Engines, Thermodynamics of Internal 
Combustion,” § (20) ; “ Thermodynamics,” 

§ ( 15 ). 

Adiabatic Expansion of a Fluid. See 
“ Thermodynamics,” § (38). 

Adiabatic and Isothermal Changes. See 
“ Engines, Thermodynamics of Internal 
Combustion,” § (3) ; “ Thermodynamics,” 

§§ (15), (16). 


Aerodynamic Pumps. See “Air-pumps,” 

§ (26). 

Aerodynamic Tacheometer : For measuring 
number of revolutions per unit time by 
means of air pressure differences. See 
I “ Meters,” § (6), Vol. III. 

I Aero-engine, The Rolls-Royce “ Eagle.” 
See “ Petrol Engine, The Water-cooled,” 

§ (6) (i.). 

Aerostatic Pumps, Theory of. See “ Air- 
pumps,” § (8). 

Air, Constituents of, separated by Frac- 
tional Distillation. See “ Gases, Lique- 
faction of,” § (2). 

Air, Index of Refraction of, used as 
secondary standard of teinj^erature in the 
range above 500° 0. See “ Temperature, 
Realisation of Absolute Scale of,” § (91) (ii.). 

Air, Specific PIeat of : 

At high temperature. See “ Gases, Specific 
Heat of, at High Temperatures.” 

At 59° 0. and various pressures, tabulated 
values obtained by Holborn and Jacob. 
See “ Calorimetry, Electrical Methods of,” 
§ (16), Table X. 

Variation with pressure over the range 
•1 to 120.0 atmospheres, determined by 
Holborn and Jacob. See ibid. § (16). 

Air (free from COo), Specific Heats of ; 
tabulated values obtained by Scheel and 
Heuso. See “ Calorimetry, Electrical 
Methods of,” § (15), Table IX. 

Air and other Gases, Specific Heat of, 
determined at room and low temperatures 
by the continuous flow electrical method, 
by Scheel and Heuse. See “ Calorimetry, 
Electrical Methods of,” § (15). 

Air and Steam Meters, Calibration op. 
See “ Meters for Measurement of Steam,” 
§ (5), Vol. III. 

Air-compression Refrigerating Machines. 
See “ Refrigeration,” § (4). 

Air-lift Pump. See “ Hydraulics,” II. § (45). 

Air Meters. See “ Coal - gas and Air 
Meters,” Vol. HI. 
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AIR-PUMPS 


AIR-PUMPS 

ISfTRODUCTION 

§ (3) Compressors, Evacuators, Blowers, — 
An air- or gas-pump is a device whereby gas 
is transferred from a low - pressure vessel 
(L.P-V.) to a high-pressure vessel (H.P.V.). 
The term vessel ” includes the free atmo- 
sphere, and the term “gas” includes vapours. 
It is assumed, unless the contrary is stated, 
that the L.P.V. and H.P.Y. are at the same 
temperature. 

If the L.P.V. and H.P.V. are separated by a 
gas-tight partition, and if the gas is not a 
saturated vapour, the pump will diminish the 
pressure in the L.P.V- and increase it in the 
H.P.V. ; it will act at the same time as a 
compressor and as an evacuator. In practice 
one of the two vessels is almost always main- 
tained at atmospheric pressure, and variations 
of pressure in the other vessel alone are im- 
portant. If this condition is fulfilled, a com- 
pressor may be defined as a pump of which 
the L.P.V. is at atmospheric pressure, an 
evacuator as one of which the H.P.V. is at 
atmospheric pressure. 

The L.P.V. and H.P.V. are seldom com- 
pletely separated, except in laboratory evacu- 
atora ; there is a continual stream of gas 
from one to the other. If the energy re- 
quired to produce this stream is comparable 
with the whole work done on the gas, the 
pump may he termed a “ blower,” or, if it is 
of one constructional type, a “ fan.” The 
distinction between pumps and blowers, 
though formally indefinite, is perfectly clear 
in practice. Blowers are usually, but not 
always, compressors, producing pressures 
greater than atmospheric. In blowers there 
can be no single and definite or pi,, capable 
of general scientific definition ; but there is 
usually some pair of places along the stream 
of gas passing through the blower at which 
it is obviously convenient to measure pn and 
Pl- These places may be regarded for our 
purpose as constituting the H.P.V. and L.P.V. 

§ (2) Notatiojsl — S uffixes L and H denote 
quantities referring to the L.P.V. or H.P.V. 
JVfany of the formulae given will still be true 
if the suffixes L and H are interchanged ; this 
feature is indicated by writing before them 
(“ L or H ”). 

Pe = pressure. 

Po= initial pressure (the same for 
L.P.V. and H.P.V). 

Ph° = final pressures. 

= range, 

n = atmospheric pressure. 

P = vapour pressure. 

Vh = volumes of L.P.V. and H.P.V. 

= niaximum and minimum volumes 
of “ cylinder.” 


Tq, Tl, Tn = absolute temperature of atmo- 
sphere, L.P.V. and H.P.V. 
m = mass of gas. 
velocity. 

S — volumetric speed. 

\V = work. 

^^7 = power. 

/) — density. 

77 = viscosity. 
e = friction coefficient. 

E = Ej„ech. =niechanical efficiency , 
Evoi. = volumetric efficiency. 

§ (3) Working Characteristics. — Pumps 
may be distinguished either according to their 
working characteristics or according to tho 
principles on which the action depends. Of 
the working characteristics the following aro 
the most important of those applicable to 
pumps of all types : 

Range of Pressure. — If any pump bo worked 
continuously between closed vessels, there will 
ultimately be established in thorn constant 
pressures, pif. By the range of pressure 
is meant either {a) the ratio (^) 

difference , (fO is generally the more 

important quantity and will hci’o be term (Hi 
the “ range,” denoted by k ; for it is often 
approximately independent of the absolute 
values But it is never completely 

independent ; for all pumps have a miniimnn 
below ■which they will not reduce pL what- 
ever is the value, above this limit, of pn, 
and all have a maximum piu though it 
may be determined only by mechanical 
strength. 

The range of a pumj) of any given typo 
may he iacrcased by working two or more 
similar pumps in series to form a “ composite ” 
pump, the L.P.V. of one being tho M.P.V. of 
the next. In all important cases, tho range 
of the composite pump is approximately or 
exactly the product of the ranges of tlu^ 
components. But a composite immp can 
also be built up of components of differemt 
types ; no general statement can bci made 
about the relation between tho range of 
such a composite pump and those of its (lom- 
ponents. 

§ (4) Speed oe PuMPiNa.—- The speed is 
the rate at which gas is ti’ansfernnl from 
the L.P.V. to the H.P.V. Tho amount of 
gas is usually estimated l)y its volunu^ at the 
pressure of the L.P.V., whether the pump is 
a compressor or an evacuator. Tlu^ Hp(UHl 
so estimated is called the “ volvumd/ih'. 
speed,” S, and is cxprcisscd in volunu^ jxu’ 
unit time. 

Measurements of S aro usually made by 
observations of tho cliange of pn in a eom- 
pressor or of p^ in an evacuator, ilK‘. .U.fW. 
or L.P.V. being oomph'dely cIohchI. If dp 
during the measurement is small companul 
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mth or the gas may be regarded as 
perfect. Consequently for an evacuator 


1 

p dt ~Pj, dt 


= Vijj(log,PL). . (1) 


In a compressor, pi, is constant and equal to 
II. Therefore 


V„ 

11 'dl' 


( 2 ) 


In blowers the volume involved in S is 
usually estimated at pn. It is conveniently 
measured by some type of flow-meter placed 
in the outlet or inlet pipe. If the x>ressure 
at the x^oint where the meter is placed differs 
considerably from pn, a correction must be 
applied to the readings of the meter. 

S is usually a function of pr and pj,, 
as well as of the nature of the pump ; but 
there are important exceptions. -The range 
K or the maximum difference of pressure 
is gi'^en by a pair (pn^ pl®) such 

that S =0. 

§ (5) The Efficiency. — Several kinds of 
efficiencies arc recognised as applicable to 
pumx^s and blowers ; of these the mechanical 
efficiency, or the ratio of the useful work 
done to the total work expended, is alone 
applicable to all types. Both terms of the 
ratio need further deflnition to rid them of 
ambiguity. The work expended is usually 
taken to mean either (a) the work expended 
on the gas in giving to it energy, com- 
pressive, kinetic, or thermal, or (b) the work 
sui)plied to the mechanism of which the 
pump consists, including that lost in friction 
of ^.olid or liquid parts. The efficiency 
reckoned with (a) is often termed the 
“ gas ” efficiency ; that reckoned with (6) 
the over-all ” efficiency. 

In pumps, where the L.P.V. and H.P.V.’s 
are separate, the useful work is always taken 
to be that required to transfer the gas that 
has actually passed from the former to the 
latter. This work will be least if the trans- 
ference is effected reversibly ; if the L.P.V. 
and H.P.V. arc at the same tempemture, the 
reversible transference must bo isothermal, 
and any change of temperature during the 
X)r()C!es8 involves the expenditure of more 
w^ork. If the transference is reversible and 
isothermal, the work required to transfer a 
mass of gas between the atmosphere at con- 
stant pressure II and a closed vessel, the 
pressure in which is changed by the transference 
from 11 to Pi, is given by 





( 3 ) 


where V =/(p) is the isothermal characteristic 
of the mass of the gas occux)ying the closed 
vessel at the pressure pi- If the gas is perfect, 


(3) applied to an evacuator or compressor 
becomes 

(LorH) W=p,,\\,l^-’(n-p)dQy. (4) 

If II -pR = Sp is small, (5) becomes 

(L or H) W = . (6) 

If pl is small, as in a high evacuator, it 
becomes 

w=(n-ft)Vi, . . (7) 

In some text-books, the work done by the 
atmosphere is left out of account ; the term 
in II is omitted from (3), and the second and 
third terms in the bracket from (5). But 
since w^ork is always done by or on the atmo- 
sphere in compressing or evacuating, the 
efficiencies reckoned without these terms would 
seem to have no practical significance. 

In blowers the useful effect is usually 
estimated by the volume of gas produced at 
a given pressure. The work required to force 
a mass of gas from the atmosphere into a 
vessel in ■ which the x^i’^ssure is maintained 
constant and equal to pn (^y increasing the 
volume of the vessel as the gas enters) is given 
by 

w=(PH-n)V, ... (8) 

whore V is the volume of the gas at x^mssure 
Ph. Consequently, if S is the volumetric 
speed, and w the work done per second, 

^ = • • • (^) 

The stream of gas issuing from a blower 
possesses kinetic energy. If the work ex- 
pended in giving to it this energy is to be 
included as useful work, there must be added 
within the bracket in (9) the term Pv = ip^^- 
It is often impossible practically to convert 
this kinetic energy into energy of any other 
form without stopping the flow "which is the 
main purpose of the blower ; accordingly the 
total efficiency, as it is called, reckoned from 
the relation 

2 (; = (pii-hp„~ n)S . . (9a) 

is often misleading. But it may be noted 
that ideally it is always possible to reduce 
p^, to zero without changing S, and thus to 
“ convert velocity into pressure ” ; for if 
the cross section of the stream is made 
infinitely large, an infinitely small v will give 
a finite S. 

In addition to the mechanical efficiency, 
there is recognised for many pumps a quantity 
kno'wn as the volumetric efficiency. But since 
this quantity cannot be defined generally for 
all types of pump, it will be discussed in 
connection with those to which it applies. 
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§ (g). — Xlie remaining working characteristics 
common to all pumps are less capable of precise 
measurement ; but they are none the less 
important. They include simphcity and con- 
yenience, first cost and cost of maintenance, 
adaptation to available sources of power, and 
so on. When severai types of pump are per- 
missible, it is usually these characteristics 
rather than any measurable efficiency which 
determine the choice. They vill be noticed 
in connection with particular types. 

§ (7) pErN'CEPLES OP Action. — For the 
detailed consideration of the various types of 
pump, it is more convenient to adopt a 
classification based upon the principles under- 
lying the action. Here pumps fall into three 
great classes : 

A. Aerostatic. 

B. Aerodynamic. 

C. Molecular or High-vacuum. 

In an aerostatic pump the transference of 
gas is effected hy forces that are at any instant 
in statical equilibrium. For any particular 
pump the range of pressure is independent of 
the speed of working within wide limits ; the 
pump can be worked infinitely slowly vfithout 
loss of range or of efficiency. (This statement 
is not strictly true when the viscosity of a 
lubricating liquid is used to secure gas- 
tightness ; such pnmps are dynamic, but not 
aerodjnamic.) In all practical examples the 
statical forces are those due to compression, 
hut those due to change of temperature might 
conceivably be used. 

In an aerodynamic pump the forces on the 
gas are dynamical, and vary with the motion 
of the parts of the pump ; they cease when 
the speed of working becomes infinitely small, 
so that the range and speed of the pump 
vanish together. These dynamical forces 
arise from the inertia or viscosity of the 
gas. 

The distinction between the two classes 
can be expressed less formally, hut perhaps 
more clearly, by saying that in the first class, 
but not in the second, the action is “ positive ” 
in the engineering sense ; or that, while it is 
impossible to blow through a pump of the 
first class, it is possible to blow through one 
of the second. 

In both these classes the forces are such as 
are associated with a continuous medium. 
In the third class the action is due to “ forces ” 
appreciable on the molecular but not on the 
molar scale. The class would properly be 
termed “ molecular , but since that term 
has been appropriated to a particular member 
of it, the less scientific expression “ high- 
vacuum ” pumps -ufiU be used. 

In addition to these thi-ee classes of pump, 
there are some methods of evacuation which 
scarcely satisfy the definition of pumping, 


hut will be conveniently noticed briefly at tlic 
end of this article. 


A. Aerostatic Pumps 
§ (8) Range and Speed.— T he working part 
is always a vessel (U) of variable volume, u. 
U is 

(1) connected to the L. P.V. when its 

volume is a maximum uu ; 

(2) disconnected from the L.P.V. and the 

volume decreased to the minimum wh ; 

(3) connected to the H.P.V. ; 

(4) disconnected from the H.P.V. and the 

volume increased to aj,. 


This ideal cycle is never attained in ])ractico 
but forms the basis of any calculatioiiH. 
Even if the ideal cycle were attained, tlie 
general formulae giving the relation botwc'/on 
Pq after a number of cycles n would 
he extremely complicated. But if it is as- 
sumed that the gas is perfect, and that tho 
transference is isothermal, the relation between 
(PE)n (pii)n+if the values of pii after 
the nth and (?n-i)th cycles, is 

(LorH) (1<») 


In a compressor or evacuator wo Jiavo fi’OTii 

( 10 ) 


(LorH) 


n' 




(11) is true whatever tlio ratio of u to fibe 
V’s ; if it is small and if N, tlio number of 
cycles per unit of time, is large, (11) beeonu's 


(LorH) 


II u-^ 



\ / 

\“h 




( 12 ) 

From (12) and (1) we obtain for tho volumetric 
speed of an evacuator 


pi. 


\ 


and for that of a compressor 

NV„ / W'jA 

■■ n )■ 


Hh (. 


(lit) 


(U) 


The range of pressure is given 
Consequently 


(Lor H) 


If V 


by 8r^0. 

. (ir>) 


The range, measured by tlie ratio of the 
pressures, is independent of tho initial |)r(^HHur(i 
and of the volumes of the L. P.V. and H.P.V. 

These relations become very simplo when 
u-R, the volume of tho “ dead space,” is zero. 
Then (11)-(14) become 


Pn 
II ■ 


( 10 ) 
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n 

11 ' 


(evacuator), 

S (G<^nipi’essor), . 

Vt. 






(cvacuator). 


(17) 

(18) 
(19) 


Thus the volumetric speed of such a pump 
would be index^cndent of the pressure against 
which it worked ; its range would be infinite. 

§ (9) Volumetric Efficiency. — In no 
actual x^uinp is the ideal cycle performed ; 
the yield is always less than that given by 
(10)-(14), and a fortiori less than that given 
])y (1G)-(19) on the assumption of no dead 
s^Jace. The deficiency is duo to incomplete 
“ connection ” and “ disconnection ” of the 
L.P.V. and H.P.V. with U and with each 
other, i.c. to leakage and to a failure to 
establish pressure equilibrium. 

The comx)arison of an actual vith an ideal 
puiu]) is made in terms of the “ volumetric 
efficiency” (Evt.i)* which may be roughly 
defined as the ratio of the number of cycles 
in whidi an ideal pump would x^i^o^iuce a 
given effect to the number of cycles in wdiich 
tlic actual ]nimp ])roduces the same effect. 
The ideal pump is assumed to have the same 
(e.f/. cylinder volume) as the actual pumj) ; 
it is also usually assumed to have no dead 
sjiace Uji. This last assumption is not 
necessary, for the effect of the dead sjDacc can 
bo readily calculated if the pump is otherwise 
ideal ; but in the ] jumps for which the 
conception of volumetric efficiency is most 
important, wn is always made as small as 
possible, and its magnitude is important in 
judging the oxcollonce of the design. 

The “ effect ” by which is estimated 
must be defined. It is usually either (1) the 
attainment of a given or pnlU, or (2) 

the transference of a given quantity of gas 
with a fixed pi, or ^n- fn either case, 
is a function of pi, or 'pn^ and the value of this 
pressure must be stated. For a given pj^ or 
will not in general be the same for 
(1) and for (2). 

If (1) is adopted, and if n is the number of 
cycles in which the actual pump establishes the 
assigned pu/\i or then from (10) and (17) 


Evol. = 


(pn-mv^ 


(compressor) 


( 20 ) 


log 

-7iiog[vv/(%.+v^)r 

If (2) is adopted, and if N is the number 
of cycles fjer unit time required for a given 
volumetric speed S, we have from (18) or (19) 
S 

Evol. (compressor), 

S(Vi, + Wl) 


(cvacuator). (21) 


( 22 ) 


Evol. = 


(evacuator). . (23) 


If the H.P.V. or L.P.V. is not at atmospheric 
temperature, (20) -(23) must be corrected by 
the substitution of Vh/Th, V^/Tl, uj^/Tq for 
Vhj Vi, uj,. 

§(10) Other Characteristics. — The ad- 
vantage which aerostatic pumps possess over 
other types lies in the great range which can 
be obtained with them. They are, therefore, 
well suited for the production of very high 
or very low jjressures in a single operation ; 
but extreme pressures can be obtained with 
other types combined into composite pumps. 
They are in general less well suited for the 
transference of large volumes of gas under 
moderate differences of pressure, although 
some types (Ac, d) are used for this purpose. 

Their disadvantage is that they cannot ex- 
haust vapours satisfactorily, especially when 
designed for a large range, for the vapours 
condense in U when its volume is reduced 
and do not pass readily into the H.P.V. ; 
wlien the volume is increased again, they 
evaporate once more, return to the L.P.V., 
and keep p>K permanently at or above the 
vapour jjressure of the substance. Permanent 
gas mixed with the vapour is removed very 
slowly after its partial pressure in the L.P.V. 
has fallen to that of the vapour. 

The various types of aerostatic pump are 
distinguished by the construction of U and 
the means adopted for connecting and dis- 
connecting it with the L.P.V. and H.P.V. 
The following sub-classes include conveniently 
all the important types : 

Aa. Solid Piston Pumps. 

Ab. Liquid Piston Pumps. 

Ac. Flexible Container Pumps. 

Ad. Rotary Aerostatic Pumps. 

Aa. Solid Piston Pumps 

§(11) The Von Guericke Pump. — This is 
the oldest type of gas-j^ump, and its invention 
is generally attributed to Otto von Guericke 
(1672) ; it was probably developed from the 
similar water-pump. It has still a wider 
sphere of use than any other type, being used 
for the attainment of jjressures from 1000 
atmos. to 10"® mm., and for volumetric 
speeds from many cubic feet to a few cubic 
millimetres per minute. It is equally familiar 
in heavy engineering, in delicate laboratory 
work, and, as the tyre pump, in everyday 
life. Broadly, the advantages of the type 
are a great range of pressure and great 
mechanical strength ; the disadvantages, cum- 
bx'ousness and mechanical inefficiency. It is 
unrivalled for high-pressure compressors, and 
for small portable laboratory evacuators ; for 
all other purposes it can be replaced by 
other types. However, it is still widely used 
even for blowers, the purpose for which its 
disadvantages as compared with other types 
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are most marked. Its survival is probably 
due partly to its long history and to its re- 
semblance to the reciprocating steam-engine, 
of which the constructional problems have 
been studied so completely. 

The jninciple of the pump is familiar to all. 
The vessel XT is a cylinder in which moves a 
piston. Connection is made to the L.P.V. and 
H.P.Y. either (a) through ports in the cylinder 
wall opened and covered by the piston, or (6) 
through valves moved “ positively ” by the 
piston or the mechanism that actuates it, 
or (c) through valves opened and closed by 
the excess gas pressure, (c) is the oldest 
arrangement and the simplest to construct, 
but it represents a departure from the ideal 
cycle and necessarily reduces the range below 
the ratio ; ^or the connection between 

U and the L.P.V. or H.P.V. ceases before the 
pressures have become equal. It is stiU 
standard practice in high-pressure compressors; 
in evacuators for moderate vacua (a) is often 
used ; in those intended for the lowest possible 
pressures, one at least of the valves must be of 
type (6). 

§ (12). — Three kinds of piston pump may 
be considered rather more fully. The high- 
pressure compressor, shown diagrammatically 
in F ig. 1, is always composite. It would not 
be impossible to obtain a range of pressure 



of 200 and a final pressure of 200 atmos. by 
a simple pump, but there are several reasons 
why the multi-stage pump is preferable. 
Thus, it is possible to cool the gas between 
the stages by the “ intercoolers ” C. By 
spacing the cranks evenly round the crank- 
shaft a more even torque and a balanced 
motion can be obtained. The construction of 
each pump can be adapted to the pressures 
between which it has to work ; the thickness 
of the metal can be increased, as shown in 
the figure, as the pressure increases ; special 
piston packings and forced lubrication can 
be used in the H.P. cylinders. Some makers 
prefer water to oil as a lubricant at high 
pressures, and at the highest pressures the 
substitution seems necessary because oil would 
bum explosively. 

The volumetric efficiency of such a pump 
should he not less than 80 per cent ; the gas 
efficiency also about 80 per cent ; and the 
over-all efficiency about 60 per cent. The 


work done on the gas may ho measured, for 
the determination of the gas efficiency, by 
indicator diagrams taken from the cylinders. 
These efficiencies are determined largely by 
the completeness of the cooling, which is one 
of the most important features of tlu'se 
pumps ; they are also detcrniincd by leakage 
and by throttling at the valves. 

§ (13). — Fig. 2 shows a large-scale two-stage 
evaeuator, such as is used for the condensers 
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FIG. 2. 

of steam-engines and for working pneumatic 
tubes. The slide-valves arc similar to those 
of a steam-engine, but to seciir'c smooib 
working connection is made bet\v(Hm the 
L.P.V. and tlie H.P.V. wh(*n the piston is in 
the extreme position. The jiistons are con- 
nected in tandem. If the pump is to l)o 
worked by a reciprocating steam-ongin(' it 
would be possible to use the same piston- 
rod for the driving piston, and thus to avoid 
rotary motions and bearings and to h^huH^ 
moving parts to a minimum ; but this arranges 
ment is seldom adopted; pump and motor 
are usually separate. 

The volumetric efficiency should bo about 
85 per cent when pi~20 cm. of mercury or 
more; about 80 x)cr cent at p^=:=r) cm. ; for 
lower values of will fall rai)idly, 

and pl® will not be less than 1 cm, Xlio 
over-all efficiency should be not loss than 50 
per cent at the higher pressures. 

§ (14). — Fig. 3 shows part of a laboratory 
evaeuator in very general use. Tiie pump is 
composite wdth two stages ; the higli-])resHur(^ 
member presents no special features and is 
not shown; it is connected to 11. lii tiu^ 
low-pressure member shown, tlu^ ])iHt/on is 
covered with oil which is ejected at the end 
of the stroke through the valvo V, carrying 
the air with it. At the sanies time tlu^ crank 
J, worked by the piston guide K, fences oil 
into the space 0 by means of tlio oil-pump R ; 
from 0 the oil flows on to the to]) of the piston 
as it descends. It is claimed that the i)tiinp 
will attain 10"® mra., if the gas and oil are 
free from vapour. A drying tulx^ witli 
is necessary in the connection L to the Ij. R.V., 
and another, which can bo filled with OaOh^, 
is desirable in the outlet of the H.P. cylinder 
to keep the oil dry. The pump is vc'ry 
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efficient and convenient down to pressures 
of 0-01 mm., but to obtain the highest vacua 
of which the pumx^ is capable needs great 
care in its treatment. 

A jiiston puni}) for extremely low pressures 
has also been developed by Gaede ^ (1) ; in 
principle it does not differ greatly from that 



shown. In order to free the oil from water, 
and thus to dispense with a drying agent, 
the oil is forced through a special woven 
material which cifects a separation of the 
two liquids. Gaede claims that his x)umi> 
without any drying agent will attain a pressure 
of 10"^ mm. 

Ab. Liquid Piston Pumps 

§ (15) Torricelli’s Pump (2), (3). — It is im- 
possible to make a perfect lit or a gas-tight 
joint between solid bodies movable relatively 
'to each other ; and therefore all truly solid 
piston pumps have some leakage and some 
dead S])acc. Leakage can be wholly prevented 
and dead space very nearly abolished by using 
a li(iuid in place of a solid for the moving 
portion of the vessel U. The ratio (piPIPiP) 
can bo increased by the substitution, and 
higher vacua (or higher compressions — though 
this result is not so important practically) 
obtained in a single operation. In fa(^t a 
liquid is actually used in this manner in 
pumps which arc usually regarded as of the 
solid x)iston type. In the pump descri])ed 
last, the oil covering the “ piston ” and 
passing through the valves is really the piston, 
and the same inirxiosc is served, in part at 
least, by the lubricating liquid of other 
pumps of section Aa. However, the typical 
liquid piston pumps wei'o developed historic- 
ally from Torricelli’s, and not Guericke’s, 
method of evacuation ; and the distinction 

^ FiRurew in brackets refer to references at the end 
of the article. 


between solid and liquid pistons, though 
slight from the standpoint of scientific 
l)rmcix3le, is perfectly clear in all practical 
examples. 

In the Torricellian pump the vessel to be 
evacuated is completely filled vith a liquid 
of density p ; the open end is placed beneath 
the free surface of a liquid, which is usually 
the same as that filling the vessel. If, in 
this position, any part of 
the vessel is at a lieight 
above the free liquid sur- 
face greater than where 
= ( II - P), the surface 
of the liquid will sink to 
the height h^, and the 
upper part of the vessel 
will contain only the vapour 
of the liquid at the pressure 
P corresponding to the pre- 
vailing temperature. As a 
liquid for such a pump, 
mercury is especially suit- 
able, both on account of its high density 
and small “ barometric height,” and on 
account of its low vapour pressure. 

This method of evacuation has the obvious 
disadvantage that the whole L.P.V. has to 
be filled with liquid and inverted. A very 
obvious modification of it was described in 
princixDlc by Swedenborg (1722) and put into 
a practical form by Geissler ( 1 855). The action 
is clear from Fig. 4 ; the 
mercury is alternately raised 
and loTvered and the two- 
way cock alternately con- 
nected to the air and to 
the vessel to be evacuated. 

The jiump is a true liquid 
jfiston pump, differing from 
Guericke’s pump only in 
the nature of the p)iston 
aud the valves. 

§ (16) The Topler Pump. 

— A greatly improved form 
of the pump originally due 
to Toplor (4), but realised 
practically by Hagen and 
Keesen (5), is shown in 
Fig. 5 ; no stop-cocks are 
required. It was used in 
many classical researches 
on low vacua at the end 
of the nineteenth century, 
being at that time rivalled only by the 
Sprengel pump (see below) as a means of 
attaining low pressures. 

By raising the reservoir A, mercury is 
driven up into the cylinder B, thereby driving 
out the gas from the cylinder through the 
capillary tube C, from which it may be 
collected in the mercury trough. Mercury -is 
prevented from flowing over into the vessel 
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to be exhausted (V) by the small glass 
valve D. 

On lowering the reservoir, the mercury 
hows back from the cylinder, and when the 
mercury reaches the lower part of the cylinder 
gas will enter from the vessel V through the 
side-tube E, ready for expulsion at the next 
stroke. 

The lowering of the reservoir must be done 
very slowly so long as the pressure in \ is 
more than 2-3 mm., otherwise air entering 
the cylinder through the side-tube E will 
carry mercury violently up the tube E, and 
this may easily shatter the glass-work of the 
cylinder. 

When the vacuum becomes high, the 
raisbig of the reservoir must be done very 
slowly, otherwise the “ hammer ” of^ the 
mercury at the top of its travel in the cylinder 
will break the cylhider head. 

The reservoir A should have about twice 
the capacity of B. The volume of the cylinder 
B is fixed by the work required from the pump, 
but in ordinary laboratory models is from 500 
to 600 e.c. The capillary tube C is about 
800 mm. long and 1 mm. bore. The tube F 
should have a bore 12 mm., and the tube E 
about 4 mm. This ensures that gas entering 
from E to E will tend to travel in bubbles 
upward through the mercury in F, instead of 
carrying the mercury solidly up with it. 

The P2O5 tube is, of coui'se, inserted to 
absorb water - vapour, w'liich presents the 
same obstacle to this as to all aerostatic 
pumps. 

The lowest pressure which it is possible 
to obtain with this pump is determined as in 
(15), by the ratio wl/W'H- is ibe volume of 
B, while Us is the volume of the smallest 
bubble which the mercury wUl carry down the 
capillary C. This volume is approximately 
that enclosed between the convex surfaces 
of two mercury meniscuses which just touch ; 
it decreases with the bore of the capillary. 
But there is some gas adhering to the glass 
in addition to actual hubbies left behind by 
the mercury, which makes it useless to decrease 
that bore beyond a certain limit. The lowest 
pressure recorded as attained by a Topler 
pump is 0*000025 mm. — in addition, of course, 
to the vapour pressure of the mercury. 

The working of a Topler by hand is extremely 
tedious, for several hours may be required to 
reach the limit of pressure. Numberless de- 
vices for rendering its action automatic have 
been proposed ; electrical contacts worked 
by the mercury, or else the weight of the 
mercury, are used to control the operation. 
But no description of them is necessary 
to-day, for the problem of the automatic 
Topler seems to have been solved finally by 
Gaede (6), who proposed to move the solid 
vessel rather than the liquid piston. 


§(17) Gaede Rotauy Mbrcitrv Tump.— 
The general action of the |)um|) can he seen 
from Figs. 6, 7, which are, verticial se(!t.ionH 
parallel and at right angles to the front of the 
pumps. The outer casing A contains mercury 
to about two -thirds of its height, and is 
connected through the pi])e 11 with a rougli 
vacuum pump (e.g. an ordinary piston pum]>) 
capable of maintaining a })ressurc of abont. 


R1 

JL 
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10 mm. An ingenious device shown in Fig. 8 
is used for cutting off the rough ])uini) after 
the preliminary exhaustion. Inside this casing 
rotates a drum B, made of porcelain, to the 
side of which is attached a smaller porcelain 
drum 0. The two drums connnunu'ate 
through the port D. 

It will be seen from this diagram tha.t if B 
is rotated in the direction of tlic {irrow, the 
portion of B above the mercury will com- 
municate with the pipe V, connected i'O tln^ 
vessel to be exhausted, so long as the ])ort 1> 
is not immersed. As soon as 1) is iiumc^WMl, 
the communication with V is closed, and when 
the tail end E of the drum rises above 
the mercury, the 
gas will be passed 
on to the rough 
vacuum. 

In the pump 
as actually manu- 
factured two or 
three drums are 
spaced symmetric- 
ally on the same 
axle ; a second 
drum is indicated 
by the dotted line 
in Fig. 6. The speed of the pump is tluweby 
increased, but the construction made much 
more complicated. 

The range of the Gaede pump is j)robably 
somewhat less than that of the T()plcr, for tluj 
conditions for the expulsion of small hub))les 
from U are less favourable. But aimu^ 
is loss, owing to the use of the auxiliary pump 
and since its speed is much greater, tlie least 
pressure i^ractically attainable is at leasl as 
low; a pressure of 0*00005 mm. is well withiri 
its power. The volumetric speed is not (con- 
stant, as it would be according to (H)); it 
is about 110 cm.^/soc. at O-Ol mm., and falls 
off continuously at tlio lowest ])rossurcH. 

§ (18) The SeRENOBL Pump. — A lupiid 
piston pump, using mercury but working on 
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a somewhat different principle from those 
just described, was invented by Sprengel in 
18G5 (7). It has over the Geisslcr (and later 
Topler) puni]) the greater advantage that its 
action is more nearly continuous and auto- 
Tuatic. The gas is carried out of the L.P.V. 
by the fall of mercury down a capillary tube, 
as in the Topler pump ; but it is not forced 
into that tube ; it enters the tube under the 
pressure in the L.P.V. and is there trapped 
between successive drops of mercury falling 
into the top of the tube from a reservoir. In 
another and iTiore convenient arrangement 
9) the drops are formed in the capillary by 
the entrance of gas from the L.P.V. through a 
side tube. But the principle is the same ; 
the liquid column in the capillary will break 
up into drops, trapping the gas between them, 
if the gain in surface tension energy due to 
tlic formation of a liquid-gas surface is greater 
than tlic loss in hydrostatic energy due to 
th(^ accompanying displacement of the liquid. 
The j)rccise calculation of the conditions for 
drop formation is complicated ; but it is 
clear that the bore of the capillary must 
bo below the limit at which drops could 
bo formed in the tube without completely 
occupying its cross-section. 

The volumetric speed of a “ single-fall ” 
Sprengel is extremely small, not more than a 
few cul)ic millimetres per second. 
It can be increased by connecting 
in ]mrallcl several capillary tubes 
all fed from the same reservoir, and 
thus making a “ multiple-fall ” 
pump. The lowest pressure attain- 
able is fixed by the same eonsidera- 
tions as in the Topler pump, but 
it may be increased by small 
quantities of air carried into the 
vacuum l)y the stream of mercury 
from the reservoir exposed to the 
atmosphere. Many devices have 
been suggested for avoiding this 
defect. (See (3).) 

Tho Sprongel pump can be made 
e.ompletely automatic, if it is 
arranged that the mercury which 
lias fallen down tho capillary is 
restored periodically to tho reser- 
voir. Such an automatic form was at one 
time in universal uao for the exhaustion of 
electric lamps (8). It is sho^vn in Fi{/. 10, 
and tho method of operation is obvious from 
that figure. 

Tho outlet is connected to an auxiliary 
pump maintaining a pressure of a few cm. 
Tho capillary fall tubes A, into which mercury 
flows from T) tlu’ough the jets 0, are therefore 
relatively short (about 20 cm.). The bent 
tube B enables the end of tho exhaustion 
to be seen by the disappearance of gas-bubbles 
from the mercury. 


The reservoir E is normally connected to 
H ; an occasional admission of air, iu order to 
restore the mercury to U, is controlled by a 
simple timing device set once and for all. 
It can also be controlled by the weight of the 
mercury in the reservoir. 

The common laboratory mercury still is in 
effect a Sprengel pump whereby gases intro- 
duced by the mercury are removed. 

Tor high- vacuum w^ork, mercury pumps of 
these types, with the possible exception of the 
Gacde pump, are 
obsolete, and re- 
placed by those of 
Class C. They 
may, however, be 
used as auxiliary 
pumps in series 
with those of that 
class when it is 
desired to collect 
gases pumped out 
from a vessel. For 
this purpose 
the Topler 
pump is most 
suitable. 

§ (19) Chemical 

AND OTHEE PeMPS. 10. 

— The foregoing 

pumps are designed to attain low pressures. 
But liquid piston pumi:)s are also of service 
for pumping chemically active gases, which 
would attack any of the metals or other 
materials suitable for the construction of 
solid piston pumps. Thus for the compres- 
sion of chlorine, pumps are used of W'hich the 
cylinder and valves are made of lead-covered 
steel, while tho piston consists of oil or sul- 
phuric acid. The liquid piston is set in 
motion either by comi)ressed air or by a solid 
piston working in one limb of a U-tube, the 
other limb of which is the chlorine pump. 

Laboratory pumps essentially similar to the 
Topler, but using oil or glycerine or sulphuric 
acid in place of mercury, have also been used 
for some purposes. The low'er densities of 
these liquids enable the pumps to be made of 
glass with a volume much greater than that 
set by the mechanical strength of the glass if 
mercury were used ; or the gas to be pumped 
may be one which attacks mercury. 

Again, air compressors for high pressures 
have been constructed in which water is used 
as the piston in order that the cooling of the 
gas may be more efficient. In some of these 
metal chains hanging into the water from the 
top of the piston have been used to facilitate 
the transference of heat between the gas and the 
liquid. 

,Ac. Flexible Containers 

§ (20) Bellows. — In these pumps the vessel 
U has flexible walls and its volume is varied by 





Kia. 0. 




10 


AIR-PUMPS 


ciLaaging its shape. The advantages of the 
type are high mechanical efficiency due to 
the absence of friction, simpUcity of construc- 
tion, and conse(][uent cheapness and reliability. 
On the other hand, they have a small range 
of pressure, partly because the ratio 
is comparatively great, partly because the 
flexibility of the walls makes it impossible to 
use them at pressures differing greatly from 
atmospheric. They are usually made for hand- 
working or very low power mechanical drives. 

The earliest examples of the type are the 
lungs of air - breathing animals ; the later 
improvements of the 
original model for this 
purpose are insignificant. 
The type is almost 
equally familiar in bel- 
lows of all kinds, for 
B blowing up a fire, for 
vacuum cleaning, for 
piano-players and squeak- 
ing toys ; in the fountain- 
pen filler, now partially 
replaced by a piston 
pump ; in the bulb for 
scent and other sprays. 
But it is also used for less commonplace 
purposes. 

The action of the blacksmith’s bellows is 
shown, diagrammatically in Fig. 11. The 
end plates A and C are fixed, while B is given 
a reciprocating motion. Some bellows of this 
kind for smiths’ hearths are several feet in 
diameter, with the flexible sides of leather. 
The air is usually pumped into a reservoir 
bellows in which a pressure of about 6 in. of 
water is maintained by a weight. 

Fig, 11 also represents, on a difi^erent scale, 
a useful laboratory pump. The bellows are 
here made from the inner tube of a motor tyre, 
the corrugations being obtained by large metal 
rings inside the tube and small rings outside 
placed alternately. The cylindrical discs A, B, 
C are of aluminium, and B is driven by a crank 
from a small motor. 

§ (21). — The most elaborate pump of this 
class is the organ bellows, shown on Fig. 12 ; 

the bellows com- 
I w~~l pressor, called 

the “ feeder ” 
bellows, is at 
F. The upper 
board A of the 
feeder is fixed 
and the lower 
board Bis hinged 
to A by a leather 
joint. The 
wedge-shaped 
volume between A and B is enclosed by the 
wooden ribs R ; the ribs are hinged to each 
other and to A and B vith leather and cloth 


The board B falls by its own weight and the 
air enters through the flat valve V^. Air is 
compressed in the feeder l)y a baud lever, 
and the air is driven through the valves V.^ 
into the reservoir bellows V, fi-om whicdi the 
air passes to the organ. The ])rcsHure on I) 
depends on the weight W on the toj) board. 
To ensure a uniform pressure in 1) whether it 
is expanded or contracted a doulile set of ribs 
is used, the upper set R;i folding outAvards 
and lower set Ro folding inwards ; the frame 
H between the two sets of riba is eonncH’.ted 
by a mechanism shown so that both halves 
of the reservoir bellows ex])and equally. 

§ (22). — At the opposite extreme of i.ho typo 
is the squeezed rubber tube pumj) (F/g. 13) (10). 

This pump consists of a rubber tube AjAg 
{Fig. 5) wrapped inside a hollow cylinder .B and 
squeezed by two or 
more rollers 0^ and 
Ca so that the way 
through the tube is 
stopped at the 
squeezed portion. 

The rollers Cj and 
Ca roll round the 
inside of the cylinder 
driven by the shaft 
D, and gas (or liquid) 
is transferred from 
Ai to Ao as the shaft 
revolves. 

The squeezed por- 
tions act as jiistons, 
and these “ pistons ” 
are formed at 
and travel along the tube to Ao where tlK\v 
disappear. 

The action of the pump is soniewhat similar 
to the rotary punq) of Fig. 10, witli th(^ 
important difference that tlic “ pisi.on ” of 
the rotary pump requires to-be earri(Hl arCU’oss 
from Ao to and is thus Ihiblo to eauH(‘- 
leakage of air or liquid. The tube pump has 
no dead-space and is only limited in range by 
the strength and tightness of the ruhlxu' tulx^ 
to resist the pressure dilTorenee ; but its spixxl 
is small and moohanioally it is iu(d1i(u('ut. 
The tube pump is ])articularly snital)l(^ for 
transferring gases or liquids without (con- 
tamination, as the plain tuhtc ccan bo (‘asily 
cleaned and no other portion of the inirni) 
can come into contact wiili fho fluid Ixung 
pumped. 

An even simjfier puinj) of tlic sanu^ type 
can clearly bo made out of a plain pi(u;o of 
rubber tubing })resscd with the fingers. 

Ad. Rotary Pumps 

§ (23) Blowkrs. — F n this class the variation 
of the volume of U is efToeted by th(^ I’otairy 
motion of solid bodies constituting part of its 
walls. The pumps are usually driven l)y 
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power, and arc intended for continuous action ; 
they compete therefore with solid piston pumps 
rather than with other types of Class A. Over 
solid piston pumps they have the advantages 
in mechanical efficiency ; in mechanical 
simplicity and consequently in cost, both 
initially and for upkeep ; in compactness ; 
in steadiness of air current when used as 
blowers. They have disadvantage in a smaller 
range of pressure, in greater leakage, and 
usually in noisiness. But pumps of this 
tyi)e compete also with tliose of Class B 
(es])ecially Bf/). For blowers type Bf^ 

generally has the advantage in mechanical 
efficiency and simplicity. For compressors 
there is little to choose between B^/ and 
Ad, for though the latter has the greater 
range both types would be replaced by Aa 
if a greater range were required. For evacu- 
ators Biy is useless, while Ad provides the 
standard machines of modern practice for all 
proHsurea between 10 mm. and -01 mm. 

The chief exam])les of the class can be 
divided into two groups, one (1) developed 
from the Root Blower, the 
other (2) from the Beale 
Blower. The development 
has been so gradual that it 
is difficult to associate any 
of the pumps, or even the 
tv'o archetypes, with the 
name of any inventor. The 
groups arc usually distin- 
guished by the nature of the “ abutment,” that 
la the line or surface dividing the H.P.V. 

fi’om the Jj.P.V. ; group (1) is then charac- 
terised by a movable abutment, (2) by a 
fixed abutment ; for though in (2) the bodies 
forming the abutment move, the line or sur- 
face which is the abutment is at rest relatively 
to the housing. 

§ (24) MovABLii) Abutment. — These pumps 
are chiclly used for moving largo quantities 
of gas against a small pressure dillerenco 
(say up to 5-10 feet water jnessure). 

An early example of this type %vas exhibited 
at the Paris Exhibition by Elihu Root in 
1807 {Fig. 14). It cionsists of two two-toothed 
wheels. A, B, w'hich are made to revolve at 
the same rate in ()])posito directions by means 
of gears outside the box or pump body ; the 
space included between the wheels and the 
housing is U, and its volume varies with the 
position of the wheels. If they rotate as 
shown in the hguro air would bo sucked in at 
C and delivered through I). 

To ])rovcnt leakage the wings are machined 
as accurately as ])ossiblc, and are often 
covered with wood or other ])acking material. 
The volumetric efficiency against small press- 
ures (say 10 inches of water) may be as 
high as 90 i)or cent, while at higher press- 
ures (0 feet of water) it will drop to 80 per 
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cent. The over-all mechanical efficiency is 
about 75 per cent. 

Fig, 15 shows another typo wffiere the 
impeller vanes V are fastened at one end to a 
disc which causes them to rotate around the 
fixed core. The vanes after the delivery 
stroke come into the openings in the rotating 
body A (called the idler), which is caused to 
rotate at the same speed as the vanes by gears 
on the outside. On rotat- 
ing further the vanes come 
into the suction chamber, 
whence they start again on 
the compression stroke. 

The pump is more com- 
plicated than the Root, 
but several advantages are 
claimed. Thus surfaces 
can be used to separate the 
two cnambers where lines only are possible 
in the Root blower ; air is compressed by 
one rotating part only ; there is no contact 
between parts moving with different velocity, 
and thus there is less friction ; the mechanical 
construction is simple and cheap ; the pulsa- 
tions of gas are reduced. 

In another tyi)e the rotating parts are 
spiral vanes, which give a more even delivery 
of gas and make less noise ; the mechanism 
is not easily shown in a diagram. Many 
other devices have been adopted, some vary- 
ing widely in detail from those mentioned, 
but all based on the same principle ; descrip- 
tions of them are to be found in makers’ 
catalogues. 

§ (25) Fixed Abutment. — These pumps, of 
which the Beale blower is an early example, 
are used extensively as compressors, as blow'ers, 
and as evacuators. They are used in gas- 
wmihs for 
pumping the 
gas to the p 
holders, and -f 
in the factory or 
laboratory for at- 
taining pressures 
down to -001 mm. 

The general prin- 
ciple employed is 
shown in Fig. 16. 

The cylinder I) rotates about an axis 0, so that 
it’touches the containing cylinder C at the fixed 
abutment B. A slot in D carries the plates 
or “ scrapers,” the outer ends of which are held 
against the containing cylinder C. The plates 
divide the space between C and D into two 
parts ; as D rotates the volumes of these two 
parts vary in a manner readily seen from the 
figure, in which P is the suction and Q the 
compression inlet. 

The friction of the scrapers on the cylinder 
involves considerable loss and wear, and many 
alternative arrangements have been devised 
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to avoid it. In one, contact between tlie 
scrapers and tlie cylinder is preserved by a 
circular guide vitli its centre coincident with 
that of C. In another there is a single solid 
scraper which slides freely in the slot in D ; 
the section of the cylinder D is not circular, 
but such that the two ends of the scraper 
are in contact mth the walls whatever the 
position of D. In another the scrapers are 
pushed out by springs, but they bear on an 
idly rotating cylinder 0' fitting closely within 
C and pierced with holes ; the clearance 
between C and 0' is made so small that the 
leakage between the two is inappreciable ; 
the friction is thus reduced to that of C' on 
its bearings. In any 
pump of this type, the 
number of scrapers may 
he increased. Fig. 17 
shows a type with three 
or more scrapers, hinged 
at the central axis M of 
the box B, and sliding 
in cylindrical stufSng 
boxes C fastened to the 
rotating dram D ; this drum touches the 
casing in the fixed abutment E. 

In pumps of this type designed as evacuators 
oil is always introduced into the cylinder to 
prevent leakage and to fill up the dead space. 
The scrapers are usually arranged as in Fig. 16 . 
In order to prevent hammering by the oil 
when the vacuum is high, a valve is fitted 
which limits the quantity of oil flowing from 
the compression side ; it also helps to separate 
the air from the oil. Such evacuators are 
often run in tandem, or one of them is used in 
series with an auxiliary pump of some other 
kind. If jpH is 4 to 10 mm., may be reduced 
to -0001 mm. 

Scraper vacuum pumps are largely used 
as auxiliaries to high-vacuum pumps (C) ; 
they are also the chief type employed in the 
preliminary evacuation of electric incandescent 
lamps, which are subsequently “ cleaned-up ” 
by the discharge (D). 

B. Aerodyxaimic Pttmps 

§ (26). —In aerodynamical pumps, the press- 
ures are functions of S and of the velocity 
of the gas in different parts of the apparatus. 
The fundamental connection between the 
pressure and velocity of any fluid is given by 
the familiar hydrodynamical equation 

= . . . (24) 
or - . (25) 

It is deduced on the assumptions (1) that the 
energy required to change the pressure of a 
volume V of the gas from top, is (p^ — p.,)V, 
(2) that the energy of any such change of 
pressure which occurs is equal to the change 
in the kinetic energy of the gas. (1) implies 


that the fluid is incompressible,^ or that the 
change in pressure is infinitely small ; (2) that 
there is no loss or gain of energy to or from 
other sources, e.g. friction of the moving gas. 
By “ the pressure ” must be understood the 
force per imit area on a surface at rest relative 
to the gas ; in a frictionless fluid it is equal 
at any point to the ‘‘ static ” pressure on a 
surface parallel to the flow at that point, ])ut 
moving relatively to the gas ; the “ dynamic ” 
pressure, or that on a surface perpendicular 
to the flow and at rest relative to the pump, is 
p+-lpv\ and, when (24) is true, is constant 
along the whole stream. 

Be. Injectors and Ejectors — Gaseous Stream 
(General Reference (11)) 

§ (27). — These are wholly analogous to liquid 
jet pumps (see ^‘Hydraulics ”). A gas or vapour 
(called “ the fluid ” to distinguish it from the 
gas to be pumped) is forced through a tube 
N from a reservoir R, at pressure pii, into a 
larger tube 0 communicating with the atmo- 
sphere (see Fig. 18). If the flow satisfied 
assumption (2) above, the stream would not 
be brought to rest in the atmosphere unless 
pH were equal to 11, and if pR= II there would 
be no stream. But owing to viscosity and 
friction, pii may be greater than IT, so that a 
high velocity is obtained in N, and yet v 
may be zero when the atmosphere is reached. 
In these conditions, tlie difference 11 -p, where 
p is the pressure at N, is not so great as 
given by (24); 
but it is still 
finite and of the 
same sign ; p is 
less than II. 

If gas in the 
space surround- 
ing N is given 
access to the 
stream through Pig. iS. 

the gap between 

N and 0, it will flow into the stream of fluid 
and be carried away by the stream, so long 
as its pressure is greater than p. The fluid 
streaming from H to 0 will suck gas tbrougli 
the pipe Q and will act as an evacuator or 
“ejector.” In an “injector” or comj)ressor, 
Q communicates with the atmosjihcre, and the 
space vnth which 0 communicatos, an<l in 
which the stream comes to rest, is at a pressure 
greater than II, but, of course, still mucli loss 
than pR. p is equal to px,^ in an ejector and 
to pn® in a compressor ; but if there is a 

^ Confusion is sometimes introduced by a failure 
to observe that the chief part of the pressure of a 
jras is inseparable from its comprc'ssibilit.y ; it is 
not due, like tliat of a litpiid, to its weiyUt. 'The 
pressure of an incompressible f?as is a nu^aninttless 
conception. The application of the theory to gases 
is justified only because, for small changes of pressure 
at constant temperature, pdV = - Vclp. 
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continual stream of gas through the pump, 
or !Pa will not be equal to p, (1) because of 
tlio drop due to flow of the connecting tubes 
Q and 0, (2) because the mixing of the gas 
with the fluid affects greatly the velocity and 
pressure of the latter. 

In calculating the performance of a pump, 
allowance lias to be made for departures fx'om 
(25) owing to friction and viscosity. The 
allowance is usually made by introducing 
on the right hand of (25) an empirical factor 
less than 1, and writing 




(26) 


where Vj, are the mean velocities over a 
cross-section of the stream. The principle of 
the calculation is then simple. There are three 
" equations (26) for the three tubes N, 0, Q ; 
^ and there is the equation of conservation of 
mass w'hen the streams meet. (The momen- 
tum is 7iot conserved, for there is a reaction 
on the tubes.) These four equations suffice 
to determine the four unloimms, viz. p, vjn, 


f 

i!) 

6 

f 

f 


Vo, vq, in terms of y;ii, pj„ pn, the densities 
Py and pf of the gas and fluid, the three 
empirical constants for the three tubes, 

(o, tq, and Fn» Fo, Fq» tFc cross-sections of 
the three tubes at their oiienings. The algebra 
need not be set out, for the numerical re- 
sults depend wholly on the values attributed 
to the empirical constants ; it is given in (11). 
Hero it will suffice to state some of the most 
important qualitative conclusions, which are 
conflrmod by experiment. Those were first 
stated by Zciiner (12). 

The variables considered arc pa, pL, Piu 
Fn, Fo, Fq, pg, pf, and 8, the volumetric 
speed, wbioli is equal to 7 ;qFq. In each 
statement the variables not mentioned are 
sii])posed constant. 

(1) pii~ph is ])roportional to and 

SC) long as pn is great compared with pn or pi. 

(2) S is ])roportional to v^Pr, to %, and to 
pii " Pio subject to the same condition. 

(:i) pii-pij do])cnds only on the ratios of 
the F’s, and not on their absolute values. 

(4-) b is ])roportional to the F’s, if their 
ratios arc constant. 

(5) Given one of these ratios, there is an 
optimiun value for the other two, giving 
maximum H, but the same maximum S can 
bo obtained with different values of the ratios. 

(()) S is inclei)eudcnt of and pf, so long as 
is constant. 

(7) 8 may be considerably greater than the 
volume of fluid issuing per second from N, 
Q.g. two or thi'ce times as great. 

Owing to the circumstances in which the 
pumps are used, the efficiency is seldom 
important. But the meclianical efficiency 
rec.koned on the ba.sis of the work done in 
driving the fluid stream appears seldom, if 
ever, to exceed 25 per cent. 


§ (28). — In practice the fluid used is generally 
steam or compressed air. Ejectors using these 
fluids are used for vacuum brakes, vacuum 
cleaners, and grain conveyors. Their great 
advantage is, of course, their simplicity and 
freedom from maintenance charges. Fig. 18 
shows a pump used for railway vacuum brake 
operation. It will reduce pj, to about 15 cm. 
of mercury. A more elaborate pump is 
showTx diagrammatically in Fig. 19. Here a 



common supply of steam works two pumps 
in series. The first consists of the plain 
nozzle A, the second in the annular gap B, 
from which the gas is carried into the sur- 
rounding annular space C. It is claimed that 
this pump mil attain ' a pressure of 3 cm. of 
mercury. Remark should be made that the 
application of the simple theory to such pumps 
is extremely precarious, for the assumption 
that the change of pressure of the gas is 
infinitesimal is clearly false. 

Fig. 20 shows a blower used for moving 
large quantities of air in ventilation under a 
pressure of a few 
inelies of water. Air 
or steam is used as 
fluid ; the concentric 
cones are designed to 
make the velocity of Fig. 20. 

the gas nearly parallel 

to that of the fluid, so that the direction of flow 
of the latter is not disturbed by irregularities 
in the flow of the former. A somewhat similar 
arrangement is adopted in the smoke-box of 
a locomotive, where the exhaust steam is 
made to create a draught through the boiler 
flues. 

§ (29). — The most modem development of 
the type is the mercury vapour jet pump used 
in conjunction with “ condensation ” high- 
vacuum pumps (g.v.). Indeed, as wall be 
seen, the line between vapour jet pumps and 
condensation pumps cannot be drawn sharply ; 
roughly it may bo set at the pressure where 
the mean free path of the vapour molecules 
becomes comparable with the dimensions of the 
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tubes ; but there is no justification for over- 
looking the distinction entirely. The construc- 
tion of these vapour jet pumps is essentially 
similar to Fig. IS, but the apparatus is made 
of glass ; the vapour stream is produced 
by boiling mercury, and condensing arrange- 
ments are provided for returning the vapour 
to the boiler. A practical form designed by 
Volmer (13) will reduce the pressure from 
pH =20 mm. of mercury to pL = ‘001 ^nm. 
But it is doubtful whether they will replace 
generally the rotary aerostatic oil-pump for 
producing the auxiliary vacuum of high- 
vacuum pumps. Fragility is their great fault. 

B/. Injectors and Ejector's — Liquid Stream 

§ (30). —This tj^re of pump, of which the 
laboratory filter pump {Fiej. 21a) is a common 
example, is often regarded as a mere modifica- 
tion of Be, gas or vapour being replaced by a 
liquid as fluid. But the difference is really 
greater. If the theory of Be is applied to 
pumps vith hquid as fluid, then, even if all 
plausible corrections are made, the 
calculated performance is far less 
{e.g. 10 times) than the actual. The 
error arises in assuming that the 
gas and fluid are miscible. The 
flow of the gas into the fluid is not 
determined simply by the pressure 
difference, and relative motion of 
the fluid and gas is possible, even 
after they are mixed in the exit 
tube 0. 

Fig. 2U. seems preferable to look at 

their action from a different point 
of view. Two processes are involved : first, 
the entangling of the gas by the liquid stream ; 
second, the conveyance of the entangled gas 
from the L.P.V. to the H.P.V. During the 
second process the gas will move relatively to 
the liquid nearly as if the liquid were at rest 
relative to the walls. The difference of pressure 
ultimately obtainable is limited only by the 
condition that the velocity of the hquid enter- 
ing the L.P.Y. by N is sufficient to carry it 
out through 0 against the pressure 
and is also greater than the velocity wdtli 
which the bubbles of entangled gas travel 
through the liquid in the opposite direction. 
It is the second process which determines 
the greatest possible value of 

On the other hand, the speed of the pump 
is determined by the first process. Its nature 
is obscure ; probably the liquid stream carries 
along a layer of gas on its surface, in virtue of 
friction and viscosity (cf. § (39)), as would a 
solid rod travelling with the same velocity. 
When the liquid breaks into drops in virtue 
of the inherent instability of liquid jets, this 
gas becomes entangled between the drops. 

On this vie^v tlic performance of a pump 
of this t}q)e appears quite incaleulablo. No 



calculations confirmed by cxi.)eriiuonl; scenn 
to have been based on any view, and fc‘w data 
of performance or of its variation w'ith tlio 
construction of the j)unii) secuii avaiila}>le. 

§ filter ])iim|) of Fig. 21a Fed with 

water at a head of 50 ft. or more will rediKM^ 
pi to the vapour pressui’o of the vvat.(U'. But 
no measurements of S under varying conditions 
have been found. It is recorded that the 
pump is more efficient if placed n,t the toj) 
of a building so high that the exit tube cam 
be made as long as the vaiter 
barometer. 

A variant on the usual dc'sign 
is showm in Fig. 21 n, which is 
similar in construction iu the 
Venturi meter. But since tlie _JJ 
action is improved by a bafile 
at 5 wliich breaks u]) tlie stream, 
it is prolmble that, as suggested, 
the formation of drops is an important part of 
the process. A non-return valve, as shown at 
V, is useful with either of these types to 
prevent the flow of water into the ai)i)aratais 
if the head becomes insufficient. 

Evacuators of these types are applied 
outside the laboratory to vacuum chicaning 
and to grain conveyors. OomprevsHors work- 
ing on the same prinoi{flo, but with a clilTc'irenb 
construction, have also important c-ommoreial 
uses ; they are kno\vn as “ tro rupees.” In a 
very simple form (Fig. 22), used for blowing 
blacksmiths’ fires, a stream 
of water flowing down a 
pipe with a few holes in it 
drags with it air from the 
atmosphere, which is sub- 
sequently separated from 
the water in a closed vccssci. 

A more elaborate form lias 
been developed in America 
for supplying comprossed 
air to mines whore a groat 
head of water is available. 

The pressure ol)tainablo 
is a considerable fraction 
of that corresponding to the head of thc^ 
water. 

Bg. (lentrifugnl Pumps 
(General Reforcimo (11) and (M)) 

§ (32). — Centrifugal air-pumps are analogous 
to centrifugal liquid i)umpH (see ny(li*e.ulic^s ”). 
They are generally calh'cl “ fans,” and arc^ 
used as fans or blowers according to iilie 
definition of the introduction. Tlu^ f)rineipl(^ 
is showm in Fig. 23, which illustratc^s thc^ 
simplest type. The gas entering tilic'i tn'rcudar 
central aperture 0 in the housing is whirlcul 
round by the rotating vanes, aecjuii'css velocity, 
and issues through Jh 

8u])poae that the conditions ncu'.essaiy for 
(24) are fulfilled, and that the gas hnives the 
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tips of the vanes with a radial velocity 
uniform over the whole surface of the circular 
cylinder surrounding the vanes. The area 
of this surface is = where r is the 

radius of the vanes and d their breadth per- 
pendicular to the diagram. Then 

S = . . . (27) 

If Fg is the area of the opening, and is 
velocity of exit uniform over the opening, 

S = FoVo. . . . (28) 


If the gas in acquiring its velocity from the 
vanes preserves its original pressure pL> then 
from (25) 




: = (29) 



But, as in Section Be, (24) is not true and 
allowance has to be made for losses of energy 
due to friction and to sudden 
changes in the direction of 
the gas stream. Further, the 
velocities are not uniform over 
the surfaces Fi and Fo. Again, 
it is convenient to express 
-PL and S in terms of the 
velocity of the vanes which can 
bo measured directly ; it is usual to represent 
this velocity by ?’„, the linear velocity of the 
ti])s. It may bo assumed that Vi and V 2 are 
proportional to The losses may be then 
repi'cscntcd by one or more terms proportional 
to or to or to «^nd the general equa- 
tion for the performance of the pump written 


FIG. 23. 


Pii ~ -I (30) 


The constants a, /3, 7 are usually regarded 
as depending on the angles at which the 
stream of gas strikes the vanes and the 
housing ; they certainly depend on the 
geometrical quantities characteristic of the 
pump. Some progress towards calculating 
them directly from those magnitudes can be 
made, but some purely empirical constants 
are always nc^cc^ssary. In designing the forms 
of the vanes and of the housing such calcula- 
tions are a usefid guide ; here reference can 
only be made to discussions in (11) and (14). 
It may be noted that in (30), a is always, (S 
usually, 1)0811^0, while 7 is negative. 

Three kinds of efficiency are recognised for 
centrifugal pumps : 

§ (33). — (i.) The manometric efficiency 
is taken as (pu - ps,)li)V-, pi{\ima\\y IT) and jpn 
being the static pressures of the inflovdng 
and outflowing gas. If wore equal to v,,, 

the maximum value of would be J, 

but since may lie cither greater or less than 
’’o’ ^n.a.u Ulight theoretically have any value ; 
actually it is seldom if ever greater than 1. 

(ii.) The mechanic^al cfTiciency E,nei-h.- The 
useful work is generally taken to be given by 


(9), so that if ic is the power exerted at the 
pump shaft, ^iaech.=^(Pa~Pi,)l'i^- Some- 
times the useful work is reckoned by (9a) ; 
the corresponding efficiency is called the 
total efficiency, but it is seldom important, 
as previously explained. Eiuech. -is a true 
efficiency and can never be greater than 1. 

(iii.) The volumetric efficiency Ev„i., which 
is taken by some writers to be and by 

others to be SI27rrdvQ. The latter quantity 
would be unity if were equal to Vq ; the 
former seems to have no general significance, 
but, being a no-dimensional magnitude, is 
convenient for comparing similar designs. 
Evoi. is often greater than 1 if the first 
expression is chosen, sometimes if the latter 
is chosen. 

It is apparent from (30) that the pressure 
and the efficiencies will vary with S, if S is 
controlled by changes in the area F^ or by 
other changes in the resistance to the flow 
of the gas. Fig. 24 shows typical curves 
relating the brake H.P. w, the pressure dif- 
ference pn-pti and the mechanical efficiency 
to the volumetric speed S, the velocity of the 
vanes being constant. It will be observed 
that this efficiency is zero for S = 0 and for 
high values of S and has a maximum for some 
intermediate value. If mechanical efficiency 
is required the pump must be designed for its 
special work. If the velocity of the pump is 
varied over a moderate range, S varies as 
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Ui, pn-pij fJ-Tid the power expended is 

v^. For extreme varieties the “ constants ” 
of (30) change. 

^ (34). — Simple centrifugal fans differ in size, 
in the number and shape of the vanes, and in 
the shape of the housing surrounding them. 
This is often divided into a “ diffuser,” or 
portion with parallel sides immediately out- 
side the vanes and a “ volute,” or portion 
of circular section, outside the diffuser. The 
cross-section of the volute increases towards 
the outlet in order to make some use of the 
kinetic energy (see § (5)). Some fans have 
inlet openings on both sides of the fan, some 
only on one. But in their performance, 
they all have common characteristics ; they 
are all used as low-pressure blowers, the 
maximum pressure obtained being about 12 in. 
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of water ; PhIi^l not exceed 1*03, and 
assumption (i) of § (26) is justified. In 
large sizes their mechanical efficiency may 
reach 80 per cent, but usually it is more nearly 
70 per cent and intermediate between that 
of piston pumps and of Root’s Blowers. Over 
either of these types they have the advantage 
of simpHcity and of being proof against hot 
and dusty gases if the bearings are suitably 
protected. 

Composite, or multi-stage, centrifugal fans 
are also common. The fans of successive 
stages run on the same shaft ; the discharge 
from the circumference of one fan is led by a 
tube to the central intalce of the next. Since 
Pr~Pl is proportional to p by (25) and p is 
proportional to or pg^, we have in successive 
stages dp^ p, or PnjPi — ^^'^j where k is the 
range of the simple pump and n is the number 
of stages. The range of the composite pump 
is the product of the ratio-ranges of the 
individual stages. Such multi-stage fans with 
ten or more stages, each giving a: = 1*1 when 
driven by a turbine or electric motor at 4000 
r.p.m., are 
used to deliver 
air to blast 
furnaces at a 
pressure of 2J 
atmos. They 
are also used 
for ‘‘super- 
charging” 
petrol motors 
on aeroplanes. 
In Fig. 25 a 
3-stage fan of this kind is shmvui ; details of 
bearings, rings to prevent leakage, and the 
water-jacket of the outer casing have been 
omitted. A, B, C are the revolving “ im- 
pellers,” while the parts drawn solid are fixed. 

Bateau constructed a simple fan, running 
at 20,000 r.p.m., which gave a: = 1-5; experi- 
ments on extremely high speeds have also 
been made by Parsons and others. But 
such simple fans seem to have no practical 
advantage over the composite type. 

B7a. Airscreivs 

(General Beferences (11) and (14)) 

§ (35). — In type Bg, the velocity of the gas 
produced by a rotating solid is perpendicular 
to the axis of rotation ; if the velocity is 
mainly parallel to that axis, the fan may 
be called a “ propeller,” or, better, airscrew. 
In aU that concerns the general relations 
between the velocity of the solid and the 
velocity or pressure of the gas, airscrews 
are indistinguishable from centrifugal pumps. 
Thus the pressure produced by an airscrew 
is proportional to the square of its velocity, 
the volumetric speed to the velocity, and the 



pow^r to the cube of the volotuty. (.35) is 
still true, at least approximately, and Hiinilaiiy 
defined efficiencies might be eini)loye(l to stale 
the performance. 

The difference l)etwoon airscroAvs and 
centrifugals lies in the connc(ffiion Ix'fcvvoen 
the constants of those o(| nations and Gio 
geometrical magnitudes. Much more is known 
of this connection for airscrews, ))orhaps on 
account of their im- 


portance for other pur- 
poses ; for this know- 
ledge reference may 
be made to “ Aero- 
dynamics”; since 
airscrew pumps arc 
not very important, 


J 
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no further acco\mt of 
their theory need be given hero. 

§ (36).— Airscrews are largely used for vcMiti- 
lation, either stirring up the air iu a room or 
extracting it into the atmosplicro through a 
hole in the wall. A plain airscrew is vtuy 
inefficient for the second purpose, since the 
difference of velocity between tlio centre luid 
circumference of the screw produces a circula- 
tion vdthin the fan itself, as shown in Fig. 26. 
The loss due to this circulation is gr('ai/('r wlum, 
as in Fig. 26, it is the fl.P.V. that is partially 
closed than when it is the L.P.V. To reduce 
the loss the centre of the airsiirew is oftem 
covered wdth a disc to prevent th<^ return 
flow ; the volumetric speed for a given 
diameter and velocity is t]iero])y (kHU’cased, 
but the mechanical efficioncy is ino.rcased. 

It is impossible to secure that all the eiungy 
given to the gas shall produce axia.1 How ; 
some inefficient tangential and radial How 
is abvays produced at the same tiuu'.. In 
the Bateau screw fan, shown in Fig. 27, tbo 
tangential and radial ilow 
is greatly reduced by causing 
the gas to strike the blades 
(B) with a velocity opposite 
to that of their rotation. 

This velocity is imposed 
on the inflowing gas by the 
fixed vanes V. The ccnti'c 
of the blades is covered by 
the fixed disc T). a shows 
a transverse section through 
the fan, 6 a “ cylindrical ” 
section made by a cylinder 
coaxial with the fan, cutting 
B and V and developed into 
a plane. In 6 the motion of 
the blades B is upwards. The Bateau screnv 
fan resembles in its peifonnamu^ a siinph^ 
centrifugal. 

Some fans, described as of “ mixed flow,” 
are intermediate between centrifugals and 
airscrews, the flow of gas being partly radial 
or tangential and partly axial. But tlu^y do 
not differ sufficiently in princuplo from' the 
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many types of pure airscrews and centrifugals, 
which are als (3 described in makers’ catalogues, 
to warrant special notice. For small powers 
there seems little to choose between these 
classes of fans ; for larger powers the centri- 
fugal is more suitable ; it is also more suitable 
for the individual members of a composite 
pump. 

Bi. Thermal Pumps 

§ (37). — The principle of these is sufficiently 
discussed under ‘''Convection.” The chimney 
of the open fire which ventilates a room and 
the gas jet in the flue of the chemical fume 
cupboard are familiar examples of “ blowers ” 
of this type. The draught produced by a 
flame in a flue has also been used to work 
small wind channels for aeronautical investiga- 
tion ; and generally, if only very small powers 
arc conccimed and efficiency is unimportant, 
chimneys and small fans may be regarded as 
mutually interchangeable. 

C. Hiari- VACUUM Pumps 
(General Reforonecs (21), (23)) 

§ (38). — During the last few years pumps 
have been invented which will attain pressures 
definitely lower than those that can be reached 
with any of the pumps described so far. They 
depend upon molecular ” processes, that is 
to say, processes explicable by molecular 
theory and not by hydrostatic or hydro- 
dynamical theories, which regard a gas as a 
continuous medium. Those processes become 
im])ortant only when the pressure of the gas is 
below some definite limit, which is usually far 
below that of the atmosphere. The jiumps 
must therefore be run in scries with an 
auxiliary pump which reduces and maintains 
the pressure below the limit at which the 
action of the molecular pump begins ; this 
prcHsuro is of the order of 0-1 mm. As 
auxiliary pumps, those of type (Ad) are now 
usually employed. Further, since the vapour 
pressure of water is much above the limiting 
pressure, a drying agent must l)e used in 
conjumdion with the auxiliary pump ; on 
the other hand, a molecular pump does not 
distinguish between vapours and permanent 
gases, and no device is needed to remove 
from the low-pressure side of the pump any 
vapours oxce])t those which arise from the 
action of the pump itself. 

Two molecular processes have been employed 
for such pumps, both originally suggested by 
Gaedo. Since the first type was the only 
member of its class when first invented, it 
was called by its inventor the “ molecular 
pump.” It is convenient to retain the term 
and confine it to this type, although the 
second typo, invented later, has an equal 
right to it. 

VOL. I 


- C/. Friction Piim'ps 

§ (39) Gaude Molecular Pump. — The 
action depends upon the forces between a 
gas and a solid (or liquid) surface moving 
relatively to it. At ordinary pressures these 
forces are determined by the viscosity of the 
gas, and the influence of the solid boundary 
enters into the calculation of the flow only 
through the assumption that the velocity 
of the gas at that bound aiy, is zero and that 
there is no slip.” But at sufficiently low 
pressures Kundt and Warburg (15), confirmed 
by many later observers, showed that the 
measured flow agreed with that predicted 
hydrodjmamically only if it \vas assumed that 
there is some slip, that v^, the velocity of the 
gas at the boundary and parallel to it, is 
finite, and that the force exerted on the gas 
by the boundary is e is called the friction 
coefficient and e /77 coefficient of slip. 

From the molecular standpoint the matter 
appears somewhat different^. The condition 
means that the velocities of the mole- 
cules leaving the boundary are symmetrical 
on cither side of the normal. The appearance 
of slip at low ju’cssures does not mean that this 
condition is no longer fulfilled. For if the 
pressure is greater on one side of the normal 
than on the other, more molecules will arrive 
at the boundary from the first side ; if the 
molecules leave the boundary equally dis- 
tributed on both sides, then there will be on 
the whole a flow of gas from the first side to 
tlio second, so long as the distance travelled 
by the molecules leaving the boundary before 
they collide is finite. On the other hand, the 
flow will be less than it would be if the mole- 
cules left the boundary with their velocity 
parallel to it unchanged. Accordingly the 
condition — O is not inconsistent at low 
pressures wdth the hydrodynamical assumption 
of a finite slip coefficient. 

Knudsen ( 1 C) has calculated the friction 
coefficient from such a molecular theory. He 
assumes that whatever the direction of the 
incident molecules, the number with any 
velocity leaving the boundary within a cono 
of solid angle dw making an angle d with the 
normal is proportional to cos Odw and that the 
distribution of velocities is Maxwellian. He 
concludes that e — where 

eo = -§A/lpo. • • • (31) 

and pQ is the density of the gas at unit pressure 
and the prevalent temperature. (31) has been 
confirmed by experiments at pressures less 
than O-OOI mm. Gaede (17) has shown that 
at higher pressures is greater, probably 
owing to the presence of a gas film on the 
bounding surface. 

Consider a layer of gas between two infinite 

c 
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parallel plates, distant h from each other, 
moving relatively to the gas with velocities 
i\. Let pi, P 2 pressures of the gas 

at points distant L along the direction of 
motion. If the pressure is so high that the 
mean free path is small compared with the 
distance between the plates, the forces on the 
gas are due to its viscosity ; the relation 
between and po is given by the equation 
similar to that of Poisseuille : 

(Pi-P2)=5-L(% + «=)- • (32) 

But if the distance between the plates is 
small compared vdth the mean free 
the conception of a viscosity depending on 
collisions between molecules becomes in- 
significant, and the equation must involve 
only e, depending on collisions with the walls. 
It is found that 

. . (33) 

Pi ^ 

The ratios of the pressures at opposite ends 
of the plates is a function of the velocities 
and of the geometrical quantities : it is in- 
dependent of the pressures. If any geometri- 
cal arrangement other than that of parallel 
plates is used, this proposition is still true, 
so long as the pressure is sufficiently low, 
and so long as the velocities are consider- 
ably less than the mean velocity of the 
molecules. If this last condition were not 
fulfilled the distribution of velocities among 
the molecules leaving the boundary would be 
no longer Maxwellian, and eg would be greater 
— which would clearly be desirable for the 
purpose in view. 

§ (40). — The construction of Gaede’s pump 
(18) in which this principle is applied is shovui 
diagrammatically by transverse and longi- 
tudinal sections in Fig. 28. A is a cylinder 


B 



Fig. 28 . 

rotating in the closely fitting housing B ; in 
the surface of A are cut grooves into which 
project the obstructions C attached to the 
housing ; the pipes n and m open into the 
grooves on either side of C. If A rotates 
clockwise the friction between the rotating 
cylinde]’ and the gas lowers the pressure at 
71 and increases it at m. The grooves are in 
series from the middle outwards ; m of the 
middle groove is connected to n of each 
of the grooves on either side, and so on ; 
ni of the outermost grooves are connected 


to the auxiliary vacuum (H.P.V.) and )i of the 
middle groove to the L. P.V. A is run at 
about 140 revs, per sec. by a pull(\v and 
motor. The axle ])assos through an oil box 
which seals the interior of tlie houHiug from 
the atmosphoi-e. The intiniHion of oil from 
the oil box is prevented by an Archimedean 
screw cut on the axle, which drives the oil 
backward ; this arrangement makes it of 
great importance that tlio auxiliary vacuum 
should be turned on after the j)um]) is started, 
and turned off before it sto])s. 

The precise calculation of the pressures 
obtained is very complicated ; for there has 
to be taken into account, hesidevs the driving 
of the gas from 7i to ?/?. by the friction of the 
rotating cylinder, the leak of the gas back 
from m to 71 past the o})structiou (- and over 
the surface of the cylinder between succeswivo 
grooves. Bnt tlieory shows and oxpcrinumt 
confirms that at a sufficuently low ])imsure 
the ratio of initial and final pressures is 
proportional to the speed of rotation and 
independent of the pressure, but the ratio 
falls ofi when the pressure in any part of the 
pump rises above that (al)out 002 mm.) at 
which b is equal to the mean frc'c path. At 
a speed of 140 revs, per see. and an auxiliary 
vacuum of 0*1 mm. pn/pn about I(K', so 
that a pressure of 10"® mm. can bo obtaiiK'd. 
But the ratio varies with the gas, in virtue 
of the occurrence of pg in (31) ; it is less witli 
hydrogen than with air ; probably hydrog(m 



formed a large ])art of the gas with wliieh this 
measurement was obtained. LowtT pi'esHurc^s 
could bo obtained with a bettor aiixiliary 
vacuum; but the vaemnu attainabk^ is defi- 
nitely limited by that of the auxiliary i>ump. 

An important feature of those pumps is the 
great speed of pumping. Fig. 2!) A shows S 
(in cm.^/aee.) plotted aga-inst tlu^ pressure 
(log. scale) ; for comparison, ji shows 8 for 
the Gaede rotary mercury pump {Ah), 

The molecular pump would have niad(^ 
possible modern high -vacuum work ; but all 
its advantages, except one, are possessed 
by the next type of [)ump to be eonsiden^d. 
This one advantage is that it will remove all 
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vapours, wliilo all other high-vacuum pumps 
leave mercury va])our, which has to bo removed 
by eondonsation. But the advantage is of 
iitilc practical importance for most work 
since the pump will maintain the vacuum 
only while it is running ; if it is to be stopped 
and the vacuum preserved, some form of tap 
or trap must be inserted, and such devices 
always introduce vapours. On the other 
hand the molecular pump is necessarily 
expensive and requires skilled attention. 
Despite its novelty and ingenuity it is already 
practically obsolete. 

Ok. Diffusion Pumps 

§ (4-] ) Diffusion Pumps.— In Fig. 30 (a) let 
H be the H.P.V. in which is maintained 
a constant pressure, L the L.P.V. to be 
evacuated, Let X be a vessel in which some 
liquid can be heated, while H, but not L, 
is cooled so as to condense its vapour. If 
the liquid is heated to a temperature at 
which its vapour pressure P is large compared 
mth pii, a continual stream of vapour will 
pour along the tube XMH, driving the gas 
before it and condensing in H ; if the stream 



is sulticicntly rai)id the gas in H will bo un- 
able to dihuso back into the tube against it. 
On the other hand, the gas in L will diffuse 
out into the vapour stream and be carried 
by it into H. Por this diffusion is not ojjposed 
by a vigorous stream in the contrary direction ; 
since L is not cooled, the vapour will not 
condense in Jj, and vapour will enter it only 
at a rate sufficient t(j replace the gas diffusing 
out. Accordingly, after some time L will be 
completely evacuated of gas and contain 
only vaf)our. If L is now co(ffed, the vapour 
will condense and an almost perfect vacuum 
be left in L. The vacuum will not be quite 
perfect beciuiso some gas from H will diffuse 
back against the stream of vapour, however 
low is ^>ii; and however raj)id the stream ; but 
a (ionsidoration of the magnitudes involved 
will show that the residual iircasuro could 
easily be made inappreciable. 

(Such is the princuplo of the diffusion pump 
in its sim])lest and ideal form. In practice 
it is impossible to maintain the whole of L 
(the apparatus to be evacuated) at or above 
the temperature of the boiling liquid during 
the evacuation. L as well as H is cooled 
sufficiently to condense the vapour, and 
consequently if the simple arrangement of 


Fig. 30 {a) were adopted, the diffusion of gas 
out of L would be opposed by a vigorous 
stream of vapour entering ; if the gas from H 
could not diffuse agamst the stream neither 
could the gas from L ; there would be no 
pumping. Some device, therefore, must be 
adopted to prevent a stream of vapour 
entering L. 

§ (42) Gaede Diffusion Pump,— The device 
originally adopted by Gaede (19) was to 
place in the tube leading to L an obstruction 
with a very small opening. If the linear 
dimensions of this opening are small compared 
with the mean free path of the molecules, the 
laws of the flow of gas and vapour through 
the opening are not those of hydrodynamieal 
streaming, but those of diffusion. The flow 
depends on the partial pressure of the con- 
stituents of the mixture and not on their total 
pressure. Since the partial 2 ')ressure of the 
gas in the tube XMH is zero, the gas will 
diffuse out through the entering vapour in 
spite of the fact that the total pressure of the 
vapour is greater in the tube than in L. 
The problem can be treated exactly by 
molecular theory. If d, is the diameter and cr 
the area of the opening at M, X the mean free 
path, the density of the gas at a pressure 
of 1 dyne per cm. then the volume of the gas, 
measured at pi, issuing through M per sec. is 
given by 

S = . . . (34) 

\/2tpo 

whore 

~ c.-Vx{^x+ and 3 :® = ^ 2 ’ 

a attains the maximum 1 when dj\ is small ,“ 
but 0- decreases with cl. The maximum value 
of S, when X is flxed, is given approximately 
by d — 'K. This maximum will increase with 
X, which, since the vapour pressure of the 
liquid must be greater than pu, is limited 
FR’ Accordingly the speed of the pump 
depends greatly on the auxiliary vacuum, 
and also on the temperature of the liquid. 
For if P is too small, gas will diffuse back 
from H ; if it is too large, the diffusion of 
gas from L will be hindered by the oppos- 
ing flow. The conditions in the pump need 
therefore careful adjustment. On the other 
hand, S is independent of the jjressure of the 
gas and dependent only on its nature and 
temperature : this is the most striking feature 
of all diffusion pumps. S is greater for the 
lighter gases ; the variation of S with the 
nature of the gas is the contrary of that for 
the molecular pump. 

§ (43). — Any liquid could be used in a dif- 
fusion pump, so long as it could be maintained 
at the appropriate temperature. Actually 
mercury is used, for the appropriate tempera- 
ture is convenient (P = 0-3 mm. at 100° 0.); 
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moreover it is ch-emically stable and does not 
wet glass. But its universal adoption is prob- 
ably due in part to the previous association of 
mercury with air-pumps — an association based 
on quite different properties. 

The vapour of the liquid used in the pump 
at the pressure corresponding to atmospheric 
temperature is left by the pump in L. It is 
easily removed from the apparatus connected 
to L'^by making the connection through a trap 
cooled" in liquid air. The introduction of the 
cooled trap involves, of course, a continual 
stream of vapour opposing the diffusion of the 
gas through L ; but at atmospheric tempera- 
tures the vapour pressure of mercury is so 
low that the consequent diminution in the 
speed of the pump is inappreciable. However, 
Gaede (19) has pointed out that the existence 
of this stream causes a slight error, appreciable 
at the lowest pressures, in the measurement 
of the pressure in L by a McLeod gauge. 
Since vapour is streaming from the gauge to 
L, the pressure of the gas in L is slightly higher 
than its pressure in the gauge. 

§ (44). — The original diffusion pump of Gaede 
involved complicated glass construction : since 
it is no longer used, it need not be shown. 
The maximum value of S obtainable was about 
80 cm. and far below that of the molecular 
pump at the higher pressures. On the other 
hand S was, as theory predicts, independent 
of the pressure down to the limits of measure- 
ment ; at pressures less than 10"® mm. the 
diffusion was as good as the molecular pump, 
and no practical limit to the pressure was set 
by the diffusion of gas from H against the 
vapour stream. 

Moreover, it should be observed that there 
is nothing in the principle of the pump to 
limit its use to very low pressures, except the 
condition that d = \: if openings as small as 
the free path could be obtained at atmospheric 
pressure the pump would work. Gaede has 
actually used the pump at atmospheric pressure, 
taking the pores of an earthenware pot as the 
openings and steam as the vapour ; but since 
the pores are backed by very fine tubes, 
through which the gas has to flow before it 
arrives at the pump, the speed of such a 
pump is very slow; it is not generally of 
practical use. 

§ (45) Langmihr “ Condensation ” Pump. 
— A simpler and more efficacious method of 
preventing the flow of vapour into L is to use 
the inertia of the stream to carry it past the 
opening. Thus in the modification shown in 
Fig. 30 (5), if the velocity of the stream of 
vapour issuing at G is as great as the velocity 
of the molecules in the stream, all the vapour 
will travel forward till it meets the W'alla of 
fche outer tube or the gas in H ; none will 
stream tow'ards L and prevent the diffusion 
of gas from L, although the pressure in the 


vapour stream, as measured by its density, 
may be very much greater than the pi'essuve 
ill L. (It will be seen that the eonstruciiou 
is similar to the gas injector ] mm p 
but the principle of action is different, '^riie 
gas from L diffuses against tlu^ hydrostatic 
pressure ; it docs not wflth it.) 

If the walls of the outer tulie were heated by 
the vapour, the liquid condensing on them 
would have a vapour pressui'e greater titan 
that in L ; there w^ould ho a ff<tw of va])our 
from the heated walls towards L, which is 
cool, and this stream would once more binder 
the diffusion of gas from L. Accordingly 
Langmuir (20), who first used this aiTange- 
ment, laid great stress upon the cooling of 
the walls struck by the va])our stream ; lie 
insisted that the vapour nmst be immediately 
condensed to the temperature prevailing in 
L, so that there should be no flow of the vapour 
back towards L. On account of the import- 
ance attributed to this condensation, he termed 
his pump a “ condensation ” pump to distin- 
guish it from Gaedc’s diffusion pump ; but it 
is equally a diffusion pump in the sense that 
the gas from L follows the gradient of partial 
pressure, not that of total preasurc. Ch'hrts 
(21) has pointed out that Langmuir’s prine.ipU^ 
was anticipated by Magnus (22), who did not 
see its applications. 

It appears, moreover, that though the very 
efficient cooling of the walls and the com])lotie 
condensation is necessary to the most effieuuit 
working of the pump, it is possible to make a 
pump of this type with much less offUfiruU- 
cooling. Tliis is achieved in (‘rawford’s 
parallel jet pump (24). But in ii-s working 
characteristics this imnij) ix^simihU's the dif- 
fusion rather than the comUmsation ptimp, 
and has not the advantages of Iwangmuir’s 
pump noted below\ 

§(46). — The construction of Langmuir’s 
pump in metal (25) is shown in Fig. 31 ; it eau 
also be made ■without great eomplicaiiou in 
glass (20). The mercury M is maintaimnl ai» a 
temperature of about 100® (I by the expendi- 
ture of about 300 watts, supplied elee.tvuud ly 
or by a burner. The baffle B delhH'.ts 
vapour stream downwards and against tlui 
walls cooled by the water ja(6cct J. 

L.P.V. is connected to L ; the auxiliary 
pump to H. If this pump maint^ains a 
pressure of 0*01 mm. or less, S is as givud- 
as 3000-4000 cm.^/sec. and is, as before, in- 
dependent of Pi dovTi to the lowest obH(U'v- 
able pressures. Higher pressures pu de(‘.r(MiH(^ 
the speed, but the pump will work evcui if 
the pressure is nearly 0*1 mm. I’lic speed 
is independent of the temperature of tlio 
mercury, so long as this is above a limit, 
W'hich is greater the greater is pn. The gr(Mit 
speed of the pump — greater oven than the 
maximum of the molecular pump — and tho 
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abscncic of «any noocl for the accurate control 
of teni[)ei'aturo, arc the advantages that have 
caused condensation ])umps to replace wholly 
the oi’iginal Gaodo type. 

Many variatiotis on the original Langmuir 
design have been made. In some of them 



(20, 27) the heating of the mercury is effected 
by an arc maintained between two mercury 
surfaces inside the ]nimp ; in fact this 
arrangoinent has been aj)i)lied to largo 
mercury-vapour current rectihers (28), so 
that the rcctiher acts as its own high-vacuum 
pxmp), only an auxiliary piimi) being needed. 
Again, it has been i)rnposcd (29, 30, 31) to 
combine in the same ap])aratus a mercury- 
va])our jet pump and a condensation pumj), 
using the same stream of mercury vapour. 
Tlie two act in series, and the combination 
will work with an auxiliary vacuum of 10-20 
mm. ; but the construction is complicated. 

However, S[)ccial reference need be made 
only to one typo of this pump, remarkable for 
its simplicity. It is found possible to disj)ensc 
altogether with the inner tube in Fig. 30 (6) 
and to make the arrangement of Fig. 30 (a) 
act as a condensation ])um]) by merely cooling 
the walls of tlio horizontal tube. Since the 
mercury molecules striking the cooled walls 
do not rebound therefrom, if the cooled tube 
is made suiBciently long, all the molecules 
emerging from its end at M will bo moving 
parallel to the length of the tube and will 
not enter tlie side tube. One form t)f such a 
pump is desciibcd in (32). An even simpler 
construction is shown in Fig. 32 adopted, the 
whole being made of sheet metal The limit 
of pii at which the pump will work is about 
0-015 mm., and somewhat higher than that 
for the Langmuir type. But the value at 
wliich the maximum speed is obtained is not 
very different ; this maximum is about 1500 


cm.®/scc., and is set by the dimensions of the 
inlet tube (see below) rather than by the 
pump itself. The auxiliary vacuum of 0*01 
mm. for this or the Langmuir pump can be 
obtained by oil - pum])s, and presents no 
difficulty. The simple pump of Fig. 32, as 
well as the Langmuir and other more com- 
plicated pumps, is used on the industrial 
scale in the manufacture (d thermionic valves 
and other high -vacuum devices. 

§ (47) HiGir-VACUuM Technique. — It has 
been pointed out that there must bo some 
limit to the pressure reached by a diffusion 
or condensation pump, determmed by ph and 
the speed of the vapour stream. When a 
high - vacuum pump is used the pressure 
attainal^ and the speed of pumping are 
actually yj^uted by factors other than the 
efficiency of the pump. In the first place, 
the tubes connecting the pump to the apparatus 
offer a resistance tb the flow of gas. Knudsen 
(lb) has shown that the volumetric speed of a 
pcilect pump is given by 


S=- 


1 


\Vo . R 


(35) 


where R is a constant dependent of the form 
of the connecting tube and is the density 



of the gas at a pre^ssure of 1 dync/cm.^. For 
a cylindrical tube of radius r and length L, 


R = 


^L 

4 


(30) 


If r is expressed in millimetres, L in metres, 
then for air at 20°, 


S = l-03j“. . . . (37) 


S is 1000 cm.^/sec. for air flowing down a 
tube 1 metre long and about 1 cm. in diameter. 
Consequently to make full use of the speed 
of a condensation pump, connecting tubes 
not less than 2 cm. in diameter must be used ; 
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if the evacuated vessel has to be sealed ofF 
eventually, the speed is often limited by the 
diameter of the sealing - off constriction. If 
this constriction is to be sealed off by a blow- 
pipe it is difficult to make it more than 3 mm. 
in internal diameter ; but it is possible by 
heating the tube very uniformly and by 
making the temperature gradient along it 
very steep (c.gr. by a small electric furnace 
surrounding it) to seal off tubes 10 mm. or 
more in diameter. 

I (48). — Secondly, there is an evolution of 
ga,s from the apparatus being exhausted. 
Glass and metals in their ordinary condition 
give off large q^uantities of gas when exposed 
to a vacuum. The gas from glass is chiefly 
water and COo which has been absorbed from 
the atmosphere and will be reabsorbed if 
the glass, having once been freed from gas, 
is exposed to the atmosphere once more. 
The gas from metals is largely hydrogen and 
carbon monoxide, absorbed from flame gases 
during manufacture and diffusing out from 
the interior. The evolution is greatly hastened 
by heat and, in metals at least, by making 
them the electrode of a discharge, even if it 
does not cause material heating. 

To obtain a high vacuum, it is necessary 
to heat the glass while the vessel is exhausted 
to the highest temperature that the apparatus 
will stand without collapse ; about half an 
hour at this temperature will liberate the gas 
from the surface, but there is a continual 
evolution at this temperature which is generally 
thought to result from an actual decomposition 
of the glass ; this evolution stops when the 
v^oui§ cooled, hut if the cooling is too rapid 

More^-.the gas may condense on the glass 
is nothin^oling and be evolved slowly again, 
limit its V purposes it is desirable to enclose the 
conditirus in a vacuum furnace, so that the 
the freAl pressure of the atmosphere is removed 
pre' the glass can he heated for some time 
ij^t'tC^d the softening point without collapse. 
The* metal parts must also he heated to near 
their melting point for several hours ; this 
heating is effected in modem practice, either 
by making the metal the target of an electron 
bombardment from an incandescent cathode, 
or by exciting high-frequency eddy currents in 
the metal by coils surrounding the apparatus. 
Much time can be saved by heating the metals 
in a vacuum before they are introduced into 
the apparatus. 

By long-continued treatment of this nature 
the evolution of gas can be stopped and a 
vacuum obtained w'hich is perfect so far as 
the most delicate manometers can tell, and is 
maintained indefinitely if the vessel is gas- 
tight. But if the exhausted apparatus is 
sealed off from the pump, some gas is always 
introduced by this operation. Bor in order 
to soften the glass it must be heated above the 


temjjcraturo at which an iuoxhaustif>l<‘ cwolii- 
tion of gas starts. The, gas thus iiitrodiKH^d 
can be dimiiiishod by heating the soaliiig-olT 
place to near its softening teiu])oratiire for 
some time before sealing, and then completing 
the sealing as quickly as possible. Aga,in 
much of the gas (chielly water vapour) thus 
introduced disappears, being eitluu absorlxHl 
by the glass, or “ cleaned up ” by a disehargo 
subsequently passed through the vcvsH(d. Hut 
it seems that, whatever precaution is takem, 
the most delicate forms of manometer will 
always detect the presence of some gas in a 
vessel immediately after it is sealed off. 

For further information on those points 
reference is made to (33), which is the Ix'st 
summary in English of the state of an art 
which is described in patents ratlun* tilian in 
scientiJflc journals. Some ini]:)ortant devices 
are still kept secret. 

D. Miscellaneous Methods oe 
Evacuation 

§ (49). — It remains to consider some other 
methods of evacuation which, though they do 
not satisfy any definition of a pump thn,t 
would have been acceptable twenty years ago, 
satisfy, ideally at least, that given at the 
beginning of this article. Some of them are, 
and still more have been, of gi’cat pi-actie-al 
importance ; and they do not apj)ear to dilTer 
more radically from the older conco})tion of a 
pump (which implied a mechanical dcvicHi 
with moving parts) than the diffusion pumps. 
Their chief modern use lies in the possibility 
they provide of evacuating a ])ortal)lo vessel 
sealed off from all fixed a])])aratiia. 

§ (50) Condensation. — The pressure of the 
gas in a vessel can bo reduced by cooling 
sufficiently any part of its walls. Tho Ihniting 
pressure obtainable by this means is, of (tourse, 
the vapour pressure of tho substanc'.o at tho 
lowest temperature available. Savory, when 
he evacuated tho cylinder of his stoam-pump 
by condensing the steam with a jet of watc'r, 
was using this principle. It has had some 
more modern applications, e.g. wlum a gas 
such as air has been removed by (lisi)lacing 
it with GOg and then condensing tho COg 
in liquid air. The method is also used for 
compression. Chlorine, COg and SO.j liavo 
been compressed into containers by (“.ondensa- 
tion in place of by compression pum})H. 

§ (51) Chemical Action. — Gas can also be 
removed by causing it to react cluunically 
with the formation of solid or Ihpiid com- 
pounds. Gas analysis by “ absorption ” with 
liquid reagents employs this principle, but 
some developments of it need more spccual 
mention. Thus it lias been shown (34) that 
metallic calcium heated to 700° C. will combine 
with most, if not all, gases, except tJioao of 
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the inactive group, to form solid compounds 
with low vapour pressures. But some of 
the compounds, especially the hydride, have 
considerable dissociation pressures at slightly, 
higher temperatures, and the temperature of 
the metal must be carefully controlled. The 
method has its uses in sj^ecial circumstances 
{e.g. where high vacua have to be maintained 
away from a laboratory or supply of liquid air). 
The alkali metals will also combine with all 
active gases ; the combination is usually 
brought about l)y the electric discharge. It 
has long been known that a discharge passed 
with a cathode of sodium or potassium 
(more conveniently the alloy of the two) will 
remove the common gases down to the 
pressure where the discharge ceases. The 
latest development in this direction is absorp- 
tion by heated thorium or zirconium (35). 

§ (52) Absorption. — But such chemical 
methods have been little practised since the 
discovery of the powerful absorption for gas 
of charcoal at low temperatures. From the 
discovery of the method by Dewar (36) to the 
invention of the molecular pump in 1913, 
it was the standard method of ])roducing 
extreme vacua unattainable by liquid piston 
pumps. A glass or, preferably, silica tube 
containing a few grams of charcoal is attached 
to the vessel to be evacuated. The charcoal 
is heated during the preliminary exhaustion 
of the vessel, which should bo carried to *001 
mm. ; the vessel is then disconnected from the 
pump and the charcoal tube cooled in liquid 
air. If tlie vessel is large and the liighest 
vacuum is required, two or more charcoal 
tubes may be attached, one bemg sealed off 
before the next is cooled. 

Many experiments have boon made on (1) 
the relative amounts of difierent gases which 
charcoal will absorb at different temperatures 
and (2) the absolute amounts absorbed by 
charcoal prepared in different ways. A full 
discussion of the results is beyond the scope of 
this article, and for fuller information reference 
may bo made to a good summary in (37). 
As regards (1) it appears that, in general, 
gases are more absorbed the higher their boiling 
points, the cxce])tion being the inactive gases 
vvliich are but slightly absorbed. The mass 
absorbed is ])ro])ortional to the mass of the 
charcoal ; it increases as the teinperature is 
cleeroascd and as the final presRure of the 
residual gas is increased ; it is doubtful, 
therefore, whether a really perfect vacuum 
could bo obtained by the method in ideal 
conditions, but, as with the diffusion pump, 
the actxial limit lies beyond the range of 
moasiiromont. The rate of absorption de- 
creases greatly as the equilibrium pressure 
is attained, and, though the speed of evacua- 
tion is rapid compared with that of any 
piston pump down to -0001 mm., it is probably 


slower than that of the Langmuir pump at 
lower pressures. 

As regards (2), there is some conflict of 
evidence which has been only partially removed 
by the very complete study of the absorption 
by charcoal which resulted from its use in 
gas masks during the late war. In general 
the denser charcoal from the harder woods 
shows the greater absorption ; the shell of 
the cocoanut and the kernels of some fruits 
are the best raw materials. The original 
coking should be at a temperature not exceed- 
ing 900° C., and must be followed by some 
process for the removal of residual hydro- 
carbons. For this purpose heating in a stream 
of chlorine at 800° followed by heating at the 
same temperature in hydrogen has been 
suggested ; but the best modern practice 
appears to be alternate absorption of air or 
oxygen at atmospheric pressure and liquid 
air temperature with “ out -gassing ” of the 
absorbed gas by evacuation at 400°-500° C. 
Some -writers maintain that all absorbed gases 
can be removed by heating to 600° C., others 
that heating to any temperature over 500° im- 
pairs the subsequent absorption. It has been 
found also that charcoal, activated by special 
processes, will produce high vacua even at 
atmospheric temperature. 

Absorption, similar to that of charcoal, is 
displayed by other finely divided solids. In 
fact, all solids probably absorb some gas at all 
temperatures, the differences are merely of 
degree. Of the other solids proposed for 
practical evacuation, palladium black (whii?h 
will absorb other gases as well as hydrr 
and finely divided copper may be mer § ^ 

In addition reference may h.e made to '■) 
usually great absorption of hydrogoi ^^Tatu 
talum at atmospheric pressure. Heilifferer 
reference may he made to (38). 'eculef' 

§ (53) Absorption in the Electric, it is 
OHAROE. — In the early study of X-rays it See 
found that a hard tube often became “ ha?^' 
by the passage of the discharge through it in 
consequence of a disappearance of part of the 
residual gas. This disappearance seems to be 
a normal accompaniment of the discharge ; 
when it does not take place, or when the 
contrary process of an evolution of gas occurs, 
it is because the normal disappearance is 
obscured by an evolution of gas caused by 
heating or possibly by some other and distinct 
action of the discharge. 

The facts conceniing this absorption of gas 
are still obscure, and still more obscure the 
explanation of them. It is certain that the 
inactive gases are in general less absorbed than 
others, but whether and to w'hat extent the 
nature of the electrodes and of the walls 
determine the absorption is not yet certain. 
Here reference will only be made to those 
actions of the discharge in “ cleaning-up ’’ 
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gas which are of practical importance, A 
general reference may he given to (39). 

The final evacuation of such apparatus as 
thermionic valves, rectifiers and X-ray tubes 
is probably effected by the discharge. How- 
ever carefully the apparatus is evacuated by 
pumping, some gas is always introduced in 
sealing off from the pump. This gas is 
largely, if not entirely, absorbed by the walls 
and electrodes before any discharge passes ; 
but during the first few moments of the dis- 
charge, which represents the normal function 
of the apnaratus, some further change occurs 
which makej the “ clean-up ” more complete 
and more permanent. 

It has long been known that the passage 
of the discharge between suitable electrodes 
would promote chemical actions which lead 
to the removal of gas. An instance is provided 
by the discharge between electrodes of the 
alkah metals, which has been already men- 
tioned. Again, it has been found that a 
discharge passing to an electrode of charcoal 
wnuld cause the charcoal to absorb at atmo- 
spheric temperature as it will absorb without 
the discharge at liquid-air temperature (40). 

§ ( 54 ). — But the most practically import- 
ant process of evacuation dependent on the 
discharge is that which involves the introduc- 
tion of phosphorus vapour into the evacuated 
vessel It appears to have been discovered 
first by Malignani (41) ; it w'as applied to the 
evacuation of electric incandescent lamps and 
has been used for the same purpose continu- 
ous since its discovery. At first it appears 
^v^ave been thought that the action w^as 
but it is now known to be dependent 
. passage of a discharge through the 

of gas and containing phosphorus 

conditions which determine the 
® pearance of the gas are stiU obscure, 
may he stated generally that if a dis- 
is passed through any mixture of gas 
or vapours containing phosphorus vapour the 
pressure will be reduced more rapidly and to a 
lower limit than it would be if the phosphorus 
vapour were absent. The gas that has dis- 
appeared can be restored by heating the walls 
of the vessel to a temperature at which red 
phosphorus wiU evaporate. The latest theory 
of the action (42) is that the gas is deposited 
on the walls and covered with a “ varnish ’ 
of red phosphorus produced by the action 
of the discharge from the phosphorus vapour, 
which prevents the re-evolution of the gas 
so long as the “ varnish ” remains ; it is 
also supposed that the exceptional electrical 
properties of the phosphorus vapour are of 
importance. It is known that sulphur, iodine, 
and arsenic act in somewhat the same way as 
phosphorus in this matter. 

In an incandescent lamp the necessary 


discharge passes between the opposite ends 
of tlio filament whick act as ol'etrodos ; tlu^ 
cathode, being ineandeseent, gives a tluM'inionie 
emission sufficient to abolish the eaMuxb^ lall 
of potential and permit a disehargo i.o jiass 
even when the ])()tential dineretux'' Indeveieiii 
the electrodes does not exciced (ifty volts. 

In Malignanls original method tlu^ phos- 
phorus vapour was introduced by luxdiiiig a 
small quantity of red phos])li()ruH in the tul)e 
connecting the lamp to the j)ump jiis(» Indore 
sealing off. The later praetieo is to depositi 
the red phosphorus on the lllanuuit or tlu'i 
adjacent supports, whence it is ovaporatixl as 
soon as the filament is heated. Nowadays it. 
is also usual to deposit on the filarmmt, togcdiluu’ 
with phosphorus, salts sink as lluorides or 
chlorides. Various benolits are attribiffod (.o 
the presence of these salts, but it seems (o be 
agreed that their action is subsidiary to that, 
of the phosphorus, and tliat the ovaeuaflon 
would not occur unless jkosphorus (or one of 
the other elements mentioned) wore pn^sent. 

By this process of phosphorus ovaouation, 
the use of high -vacuum ])um])s in lamp 
manufacture is rendered unnee(\ssary. .Kvon 
if the pump leaves residual gas at a prossuri^ 
of OT mm. in the lamp, almost all this gas will 
be removed in the first few seconds of burn- 
ing,” and the pressure roduccid to loss than 
0-001 mm. No mercury-])uinps ai’o now usixl 
in lamp-making ; oil- 2 )iiinpH, usually of (kiss 
Ad, are sufficient. 

The same method has been apidiivl to oHuu' 
commercial vacuum apparatus, e.y. rivdl lying 
valves of the oltl type without an incaud(\S(Huit 
cathode (43), and, more rarely, to th(» modern 
thermionic typo. o, lo. o. 
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Aru - PUMPS, Eppigiency or. See “ Air- 
pumps,” § (5). 

Airscrews — used as Pumps. See Air- 
pumps,” § (35), 

Alr Thermometer. See “ Thermodynamics,” 

§ G). 

Air Vessel Method of Level Indication. 
See Motors, Jjupiid Level Indicators,” 
S (15), Vol. III. 

Aluminium, Atomic Heat of, at Low 
Temperatures : Nernst’s values for, 
tabulated. Sec “ Calorimetry, Electrical 
Methods of,” § (11), Table VI. 

Alundum. Tlio trade name for a tubing com- 
j)oscd of fused alumina (AI2O3) with a bind- 
ing of fireclay and used as a protecting sheath 
for a tliormoelomcnt at temperatures up to 
1550° C. See “ Tliormocouplos,” § (4) (iii.). 

A MAG at : Investigations on the Expansion 
OF Fluids under High Pressures. See 
Thermal Expansion,” § (18) (hi.). 

Ammonia, Latent Heat of Vaporisation 
oi<’ : computed, by various writers, for 
difrerent tomperaturos, and tabulated. See 
]jatent Heat,” § (7), Table V. 

.\mmonia - adsorption Refrigerating 
Machines. See “ Refrigeration,” § (5). 


Ammonia Compression Refrig er.ator. See 
Refrigeration,” § (2). 

Andrews: Investigations on the Expansion 
OP Fluids, in particular Carbon Dioxide 
UNDER High Pressures. See Thermal 
Exjxansion,” § (IS) (ii.). 

Anilin, Specific Heat of, determined by 
Prof. E. H. Griffiths by the electrical 
method. See “ Calorimetiy, Electrical 
Methods of,” § (5). 

Appold Brake. See “ Dynamometers,” § (2) 
(ii.). 

Arches. See “ Structures, Strength of,” § (27) 

Archimedean Screw. See “ Hydraulics,” 
§ (33). 

Archimedes’ Principle. The resultant of 
the xmessures acting on a body immersed 
in a fluid is ec^ual to the weight of fluid 
displaced and acts upwards through the 
centre of gravity of that fluid. 

Atomic Heat, Variation of, with Tempera- 
ture. See “ Calorimetry, the Quantum 
Theory,” § (43). 

Autographic Recording Apparatus : For 
use in Strength Tests of Materials. See 
“ Elastic Constants, Determination of.” 
Buckton Wicksteed Patent Sirring Balanced 
Recorder. § (61) (ii.). 

Dalby’s Optical Recorder. § (01) (v.). 
General Methods adopted for Design of. 
§ (59). 

Kennedy- Ashcroft Recorder. § (61) (iv.) 
Moore’s Recorder. § (61) (hi.). 

Riohlc Autograi)hic and Automatic Apjiara- 
tus. § (60). 

Automobile Engine, The Vauxhall. H "' 
“Petrol Engine, The Water-cooled,” § ^ 
(ii.). ') 

Avogadro’s Law. At any one temperatu 
and x)rcssure, equal volumes of diflerer 
gases contain the same number of molecule?' 
While exact for “ perfect ” gases only, it is 
approximately true of real gases. See 
“ Thermodynamics,” § (GO). 


B 


Bailey Steam Meter. See “Meters for 
Measuromont of Steam,” § (20), Vol. III. 
Balanuinil See “ Engines and Prime Movers, 
Balancing of.” 

■Baiancung of Driving Wheels of Locomotive. 

§ (2) (i.). 

1 balancing of Four-cylinder Engines : In- 
clusion. of Valvo-goar. § (10) (L). 
.Balancing of Frame Forces. § (2). 
Balancing of Internal Combustion Engmes. 
§ (13). 

]bvlancing of Locomotives. § (12). 
Balancing in Practical Case. § (4). 


Balancing for Primary and Secondary Forces 
and Couples. § (10). 

Balancing of Reciprocating Masses. § (10). 
Balancing of a Rotor. § (8). 

Balancing of Yarrow Schliok Tweedy 
Engme. § (11). 

Centrifugal Couple. § (3). 

Couple Closure. § (5). 

Dalby’s Method. § (5). 

Deductions from Force and Coujfle Polygons. 

§( 7 ). 

Force Closure. § (0). 

Four Masses on Four Anns along a Shaft. 
§ (7) (6) and (c). 
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Motion of Connecting Rod. § (2) (iii.). 
Motion of Mass in a Circle at Uniform 
Speed. § (2) (i.). 

Motion of Mass in a Straight Line at Varying 
Speed — Bennett’s Construction. § (2) (ii. ). 
Primary Balancing. § (10) (i.). 

Salter’s Method of treating this Problem. §(8). 
Secondary Balancing. § (10) (ii.). 

Special Construction for balancing of Pour 
Masses. § (9). 


couple closure 

The equation M= . § (5). 

^ . force closure 

The equation M= • § (^)* 

Three Cranks at 120° cannot be designed so 
that Masses mutually balance. § (7) (a). 


BaJLL - BEARINGS *. StEPS IN THE EVOLUTION 

OF THE Modern Ball - bearing. See 
“ Priction,” § (38). 

Barnes’ Table of Specific Heats op Water 
AT VARIOUS Temperatures. See “ Mechan- 
ical Equivalent of Heat,” § (7). 

Bartoli and StracciatTs Determination 
OF Specific Heat op Water at various 
Temperatures. See “ Mechanical Equiva- 
lent of Heat,” § (7). 

Barus, 1889, compared gas -thermometers 
with secondary standards of temperature 
in the range 500° to 1600° and recognised 
the importance of a uniform temperature 
distribution about the gas - thermometer 
bulb for purposes of high - temperature 
measurement. He introduced the thermo- 
elemenhdh the role of intermediary between 
the gas-thermometer bulb and the tempera- 

yjjj^re to be measured. See “ Temperature, 
Realisation of Absolute Scale of,” § (39) 

is 

p-EAMS, Bending op : Macaulay’s Method 

Q FOR SEVERAL Loads. See “ Structures, 

^-Strength of,” § (10). 

Beams : Relation between Load, Shear, 
Bending Moment, Slope, and Deflec- 
tion. See “ Structures, Strength of,” § (12). 

Beau de Rochas : Cycle. See “ Engines, 
Thermodynamics of Internal Combustion,” 
§§ (34) and (51). 

Beaufoy^s Experiments. See “ Ship Resist- 
ance and Propulsion,” § (3). 

Becquerel, 1863, compared gas-thermometers 
with secondary standards of temperature 
in the range 500° to 1600°. See “ Tempera- 
ture, Realisation of Absolute Scale of,” 
§ (39) (iv.). 

Bell - Coleman Refrigerating Machine. 
Used for cold stores and the holds of ships. 
Air is the working substance used. See 
“ Refrigeration,” § (4). 

Bend Tests : 

Alternating Bend Test beyond the Yield- 
Point. See “ Elastic Constants, Deter- 
mination of,” § (78), 


Doscri[)ti()n of the various kinds of Ihuid 
Tests for Metals. See i/j/d. ^ (20). 

Forms of Specimen and Methods of 'JVsting. 
See drid. § (31). 

Bending of Mbmbkrs of a Structure. S(^o 
“ Structures, Strengtli of,” § (6). 

Benzene, Latent Heat of i^Ai’ORATioN of, 
determined by GJriflitbs and Marsliall. See 
“ Latent Heat,” § (10). 

Bernoulli’s Theorem. Along any streaTii 
line in a liquid subject only to gi’avity 
p+ffp^ + = constant, 

p being the pressure at a ])()int at a depth 
z below the plane of referenee, p tl\c density, 
and V the velocity. 

Bjerrum’s Calculations from Volumetric 
Heat Figures. See “ Oases, Spocutie Jli^at 
of, at High Tom])cratures,” (5). 

Black Body, invented liy Wien and Liuiuner 
for the investigation of the laws of radiation 
from a uniformly heated enclosurt^ : desculp- 
tion of modem form of. See ” Radiation, 
Determination of the Constants, etc.” 1. § (2) 
(i.), Vol. IV. 

Blade- width Ratio for a Screw-propeller 
is the fraction 

Maximum widtli of blade along its surfacio 
Radius of pro {)e I lor 

See “ Ship Resistance and Pro])iilsion,” 
§ (41). 

Blading in Steam-turbines, Form and 
Epficienoy of. See “Turbine, Dtwolop- 
ment of the Steam,” § (3) ; “ Steam- 
turbine, Physics of,” § (6). 

Blowers, Theory of. See “Air-pumps,” 

§ ( 1 ). , 

BOMB CALORIMUldMiS 

§ (1) Introduction. — The laboratory method 
of determining the caloT’ilie value of a fuel is 
to burn a known woiglit of a carefully dried 
sample in a vessel containing oxygon. From 
the temperature rise of the watt^r in the calori- 
meter the heating value of the fuel is com- 
puted, taking into account certain corn^ctioufl 
which are described later. Although the 
calorific value does not give all the informa- 
tion desired concerning a ])articular fuel, or 
determine its suitability for a apeeiliod ])iirpoHo, 
yet it is generally accepted tliat the heating 
value is the most important ])roporty to bo 
considered in estimating the value of fuel. 
Purchasers of large quantities of coal uow 
adopt the heat-unit basis of evaluation, and 
the technique of combustion calorimetry has 
been so well developed that a skilled ojicrator 
can average thirty-five determinations per day. 

Two types of apparatus are employed for 
such tests. In one the fuel sam])lo is burned 
under normal atmospheric pressure in a calori- 
meter of the “submerged bell” tyj)o,^ whilst 
• ^ See “Coal Calorimeter.” 
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in tho other the fuel is hurncd under high 
pressure in a “ bomb ” type of calorimeter. 
Romo aiithoritioa ])rofer the “ bell ” type to 
tho “ bomb ” because in it tho combustion is 
carried out in oxygen at nearly atmospheric 
prossiiro and, consequently, the conditions 
resemble those obtained in, steam boiler 
practice. With a " bomb ” calorimeter the 
combustion is almost instantaneous and 
resoml)les an explosion in its violence and 
rapidity. 

The decomposition products of coal vary 
somewhat, and it is generally found that the 
results obtained with the bomb calorimeter 
arc slightly higher than those with the “ bell.” 
For scientific work, however, the bomb type 
is universally used, since under good work- 
ing conditions the combustion obtained is 
practically complete. In skilled hands either 
method gives reliable and 
concordant results for solid 
fuels, but tho bomb ” is 
the only method applicable 
to liquid fuels. 

§ (2) Brsoription of a 
Bomb Calorimeter Out- 
fit. — Tho calorimetric out- 
fit consists of the following 
elements ; 

(i.) The bomb. 

(ii.) The calorimeter 
vessel, stirrer, and 
constant tempera- 
ture jacket. 

(iii.) The temperature 
measuring instrument. 

(i) The Bomb , — In one 
of the oldest forms of 
apparatus — tho Mahler- 
D'onkin — the bomb consists of a massive 
gun- metal cylinder provided with a cover held 
down by three studs. The cover is pro- 
vided wiili a milled - head screw valve for 
regulating tho inlet of oxygon to tho cavity 
inside tho bomb. Tho joint between the 
bomb proiicr and its cover is effected by 
moans of a lead washer inserted in a circular 
groove. Tho inside of tho cover has a pro- 
jecting ring wliich registers with this groove 
when it is screwed down. The bomb is 
plated inside with gold in order to withstand 
tho corrosive acition of tho nitric and sulphuric 
acids j>roduccd by tlio combustion of the 
fuel. Tho most satisfactory form of lining 
is that of [)latinuin, but nowadays it is not 
much used on the score of cxi)ense. Porcelain 
enamel is also somotimos used for lining the 
bomb. 

Tho Krocker typo of bomb has a cover 
screwed on to the I'jomb (see Tiej. 1). The 
bomb is made of steel and has a fixed platinum 
lining, while tho cover is of bronze. J 



Parr ^ has recently designed a bomb of an 
acid - proof base - metal alloy which appears 
very promising. 

Some investigators employ a replaceable 
lining, but in practice it is found difiScult 
to maintain a 
perfect fit and, 
consequently, 
difficultiesarise 
owing to leak- 
age of the pro- 
ducts of com- 
bustion into 
the space be- 
hind the lining 
where it cor- 
rodes the metal 
of the body of 
the bomb. 

The staff “ 
of the U.S. 

Bureau of 
Mines have de- 
veloped a form 
of bomb (see 
Figs. 2 and 3) in which the lid is held in position 
by a novel form of sealing device. This con- 
sists of a tough steel receiving nut and lock 
so constructed that less than a one-eighth turn 
with the wrench suffices for sealing. A circular 
gasket of electrician’s solder effects the seal. 
This locking device is 
an adaptation of the 
I)rinciple used in the 
breech locks of artillery. 

They claim for this de- 
sign durability, ample 
strength, and facility 
of manipulation. 

Further, when the lock 
wears out a new one 
can be substituted 
without the expense of 
making and gold-plating 
a new shell. The shell 
of the bomb is made of 
Monel metal which is 
well adapted to gold 
plating. 

Pery has devised a 
bomb calorimeter in 
which the heat devel- 
oped is shown on an indicator. See article 
on “ Calorimetry, Method of Mixtures,” 
§ (13) (ii), ‘"Metallic Block Calorimeters.” 

(ii.) The Calorimeter^ Stirrer, and Constant 

^ “ Au Acid-resisting Alloy to replace Platinum 
in the Construction of a Bomb Calorimeter/’ Journ. 
Am. Chem. Soc., Nov. 1915, xxxvii. 2515-2522. A 
test of the above by B. H. Jesse, Jr., Eighth Int. Gong. 
Appl. Chem., 1012, i. 233, 380. 

2 “A Convenient Multiple - unit Calorimeter In- 
stallation,” by J. I). Davis and E. L. Wallace, Bureau 
of Mines Technical Taper, 91, 48 pp., Washington, 
1918. Abstract in Engineering, Jan. ID, 1919. 
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Tem'perature Jacket . — In the outfits employed 
in this country the ca-lorimeter, stirrer, and 
jacket are similar to those employed in 
apparatus for ordinary calorimetric experi- 
ments by the Method of Mixtures (see 

§ ( 4 )). 

At the U.S, Bureau of Mines ^ a form 
of apparatus has been developed which is 
especially adapted for combustion calorimetry 
(see Fig. 4). 

The calorimeter is made of heavy sheet 
brass reinforced at the top and middle by 



, Details of Calorimeter : A, vertical section; B, hori- 
zontal section through ab showing tubular stirrer well; 
C, sliaft clutch; D, horizontal section tlirougli de 
snowing lid bracket. 

brass hands (see A). A tubular stirrer well 
is soldered to the calorimeter as shown in B. 
An electrode is fastened to the bottom of the 
calorimeter, but insulated from it, which 
makes contact with the bomb plug when this 
is placed in position. 

The calorimeter is supported in its jacket 
on three ivory studs. The jacket is a cylin- 
drical vessel provided with a cover of brass 
ground to a water-tight fit. This cover is 
provided with a thin sheet-brass water seal 
(see Fig. 4) fixed to the cover proper by means 
of three thin insulating rods of ivory in such 
a manner that when the calorimeter is in place 
and the cover brought down snugly the water 
seal is in contact with the surface of the water 
in the calorimeter, thus serving as an effectual 
^ Davis and Wallace, loc. cit. 


seal against eva])<)i*a,iioii inio the spa.cc b('!t\V(H‘ii 
the calorimotor and its jackedu 

Soldered to the JneKet- ;m'(' two luvvvy brass 
lugs, by ■which it is lu‘ld t(» th(' v(‘rlie,al brass 
T-bar of the frame in .smdi a nia,iiuer as to (X'C- 
mit the jaekc't to slide van'iiicaJly. ja.<*k('t 

is supported by a lieaivy heHciail brass Sf>riMg 
bearing against the boltom of tlu' taiuk, and 
of sucii strength that tlio jacket wlum eha.rged 
is held vertit^al wii.h its top slightly above tbe 
surface of the tank water against an adjusli- 
able stop fixed to the T-har. 

The stirrer shaft arrangement is also shown 
in Fig. 4. Tlio upper part of tlie shaft on 
which the driving whc‘el is moimied (unisists 
of a thiek-walled brass tube, into winch the 
lower part of the shaft t(‘leH(^opes, the latir(n* 
being providocl with a (‘omk^a.! pi(‘ce ((!) s(u*(nv(Hl 
to the end which engages a r<M‘(M'viu‘ at ibe 
lower end of tlie shaft tube afi(‘r ilu') inniinior 
of a conical friotion oluicb wlnm ih(^ whole 
calorimeter is lowered into phico. The low(>r 
bearing of the stirrer Shaft is caribnl by tb('i 
lid bracket ( D), which is held to the vertical 
T-bar of the frame by a (lamp whkdi pormitH 
of raising and lowering tlm lid and (lam])iug 
in any desired position. 

The calorimeter cover has tubular outlets 
(n(^t shown in Fig. 4) f(U‘ the thormenueter, 
the stirrer shaft, and eloctikial leads^ so tlmt 
the jacket and its cover may he totally 
immersed in the tank water during an ('X[)ori- 
ment. 

In the equipment of the Burc'.aii six such 
outfits are mounted in one thermostatie.ailly 
controlled constant temperature bath. 

(iii.) The Tenrpemturc Memnring Ivdrn- 
went . — With the majority of bomb caloibiudfu’ 
outfits mercury thermomeb'rs a,re (miployt'.d 
for the moasuroment of the temjxnuiuro rise 
of the water. Such instruments havo th(> 
advantages of simplicity, chc^apnesH, UiUd 
I moderate accuracy. Tiny havo the dis- 
I advantages of considorahlo lag and lack ibo 
i sensibility required for work of the highest 
precision. The mercury tlua-monuder, niort^- 
over, possesses the serious drawbaclv thnli the 
mercury often sticks in the boro, pai-tieularly 
with a falling moniscus. This trouble can 
be somewhat alleviated by tap()ing tln^ stenn, 
and some observers utilises a miniai-uj'O oloclric 
buzzer for this purpose. 

The thermometer should profcu’ably bo a 
solid stem type with its scale divided to C., 
and the scale divisions should oxtcaid down 
to the bulb to avoid uncertainty as to tln^ 
magnitude of the emergent column. 

Bor work of the highest precision a oaloi’i- 
metric resistance thermometer is n^ally 
essential, and a de8cri])tion of suitable in- 
struments for the purpose wall ho found in 
the article on “Kesistanco Thermometers,” 

§ (6 (iO). 
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§ (3) Methods oe coNDtJCTma a Test. 
(i.) Oalibmtion of the Apparatus . — It is neces- 
sary to (letorinine the heat capacity of the 
bonil) and ii/S fittings by expcriincntj since it 
is rarely possible to calculate this constant 
from the spociQc beat of the materials em- 
])loycd in its construction. There are two 
standard methods of effecting this calibration : 
{a) By an elocti'ical method based on the 
in.])ut into the calorimetric system of a known 
amount of heat mcasuT-ed as olcctrical energy. 
{h) By burning substances of known heating 
vahic. 

(а) The electrical method is capable of 
considerable accuracy, since electrical energy 
can bo measured with high precision. In 
practice, however, the method suffers under 
the disadvantage that it involves elaborate 
equipment and is time-consuming. Further, 
it is by no means easy to reproduce with it the 
same conditions as prevail during a combus- 
tion tost. The electrical method is generally 
adopted in standardising laboratories, but 
for the puipose of a works laboratory the 
second method is to be preferred. 

(б) To calibrate a calorimeter by means of 
standard substances, such as naphthalene or 
benzoic acid, it is advisable to make about 
half-a-dozen combustions, sufficient amounts 
of tho standard being used to ])roduce about 
the average tem])erature rise obtained in tests 
with coal. This method, besides being simple 
and easy of ai)plication, tends to minimise 
errors such as those due to thermometer 
calibration, cooling correction, heat input 
from stirring, etc. Dickinson ^ has recently 
r(‘dotormiuo(l the heat combustions of tho 
following substances: naphthalene, benzoic 
acid, and suoroso (jr cane sugar, with a 
view to tiuur adoption as standards in 
calil)rati()n work. Jiis results are summarised 
in Table I. together with those of previous 
observers. 

It appears from a comparison of tho values 
given by different observers for the same sub- 
stance that benzoic acid is the most suitable 
in view of tho close agreement of the results 
obtaiiuKl. 

Diokiiison. found naphthalene to bo a convenient 
malcrial to work with, but care was necessary in 
handling since a gram briqui'lte would lose about 
1 milligram in wenght ])or hour by sublimation. 
Sucrose did not He(‘m so well ada])ted as benzoic 
acid for standardiHation i)uri)OK(‘H. it has a 
sinalhu’ heat of oombusi.ion and frequently fails to 
ignite. 

DickiiiHon HUggesl.H that the higher results given 
))y otlu'r ohH('rv(*rH for siKiroso may be duo to the fact 
that tiny »nay not have coru'oted for the heat 
g(m('rate(i in the firing wire before tho sample ignites. 
With smn'ose a gi'C'aier ItMtgth of fuse wire has to 

'■ “ (lombiiHtkjn tJaloriinctry,” Bidl. Bur. Htds., 1015, 
xi. 253. 


used than with other materials on account of its 
lower inflammability. 

Iron wire is frequently employed because it burns 
instead of only melting, and is therefore more certain 
to ignite tho sample. The heat of formation of 
iron oxide is a])out 1600 calorics per gram of iron. 
The sucrose specimens required about 3 cm. of wire 
weighing 132 mg. per metre. Hence tlie correction 
for tho heat liberated in its combustion amounted 
to about 2 calories per centimetre. Naphthalene 
ignited readily with 1 cm. of wire. 

Ho also corrected for the small amount of nitric 
acid formedfrom the nitrogen containoclin the oxygen. 
The amount is nearly i)roportional to the heat 
liberated in the combustion and to the percentage 
of nitrogen present, and was determined by titration 
after each combustion. The heat of formation of 
HNOg from N + O-f-HaO is about 230 calorics per 


Table I 


Authority. 

2 

S 6 

Benzoic 

Acid. 

r 

Sucrose. 

4 

d 

Stolimann, Kodatz, 

1 

6315 


1887 

Hertzberg 
Borthelot, Vieille . 

/ *■ 

3962 

1887 

Berthelot, Lunginiii 


6322 


1888 

Bertlielot, Eecoura 


6345 


1888 

Stohmann, KIcber, 
Langbein 

f9628 

\.9G19 

6322 


1889 

Stohmann, Langbein 



3955 

1892 

Atwater and Snell . 



3950 

1903 

Fisoher and Wredo 

9*641 



1904 

Fries .... 

r .. 

i .. 

6334 


1907 

6318 


1910 

Fischer and Wrode 

6325 

3952 

1909 

Wrede .... 

9*6*33 

6323 

3952 

1910 

Both .... 

9643 



1910 

Leroux .... 

9631 



1910 

Dicldnson . 

0612 

G323 

3945 

f 1910 
U012 


The data iu the above table are expressed in terms 
of the 15'^ calorie. 


gram of acid. As tho oxygen employed contained 
from 0’3 to 0-5 per cent of nitrogen, the correction 
to bo applied for tho heat of formation of HNO3 was 
usually about 1 part in 1000. 

§ (4) Peeparation of the Test Samples.^ 
(i.) Solid Fuels . — It is necessary to convert 
the coal into a small briquette or tabloid for 
the purposes of tost. If the attempt is made 
to employ tho sample in powder form the force 
of the explosion usually blow^s some of it 
against the internal walls of the bomb and it 
escapes combustion. 

Bituminous fuels as a rule will form briquettes 
by pressure alone. In cases where insufficient 
tarry matter is present in the natural fuel, 
just sufficient of a 1 per cent solution of gum 
arabic may be used to make the particles of 
fuel adhesive. For half a gram of fuel, three 
drops of such solution are enough. The 

^ TJie Tiwes Engineering Buvplmput. Fob, 23. 1917, 
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briquettes must be heated in an air bath to 
110° C. for at least four hours to ex])el tho 
last traces of moisture thus introduced before 
testing in the calorimeter. 

(ii.) Liquid Fuels . — In weighing and trans- 
ferring the liquid fuel to the bomb, carriers 
consisting of small cjdindrical blocks of pure 
cellulose are used, one of these blocks being 
able to absorb several times its own weight 
of any ordinary fuel oil. The saturated block, 
after being weighed, is burned under the 
conditions and with all the precautions neces- 
sary for solid fuel, the only difference being 
that a rather higher pressure is used, in order 
to obtain a greater supply of oxygen gas in 
the bomb. A blank test with the cellulose 
alone gives the necessary data for the calcula- 
tions. As liquid fuels contain only traces of 
acid-forming elements no trouble arises from 
corrosion, and a bomb provided with a gold 
lining 's^ill last for some hundreds of tests. 

As regards the special precautions necessary 
to obtain correct results when testing liquid 
fuels, it must be pointed out that the absorbent 
cellulose blocks sold for this purpose absorb 
moisture as weU as oil, and that it is necessary 
to dry them before use for one or two hours 
in the air-bath at 100° C. When saturated 
Tvdth heavy oils of high boiling-point they are 
also somewhat difficult to ignite, and it is 
advisable to place a little of the dry im- 
saturated cellulose in a loose condition around 
the platinum ignition wii’e in order to avoid 
failure of the test from this cause. As the 
cellulose blocks are large in proportion to their 
weight and absorbent capacity, a larger 
platinum dish wiU be required than for the 
_ tests with solid fuel, and the platinum ignition 
wire should he arranged to hold down the 
cellulose block lest the explosive violence of 
the combustion blows it out of the dish. 

§ (5) Qtjai^tity of Oxygen required. — 
The quantity of oxygen required is about 
three times that which will unite with the 
charge to give complete combustion. Dickin- 
son found that, when the amount of oxygen 
was much less than two and a half times that 
required to unite with the combustible charge, 
there were often cases of incomplete combustion 
as indicated by a reduction in the total heat 
liberated, as well as by the occasional presence 
of a slight amount of soot and by the odour 
of the products of combustion. 

Since the usual pressure employed in routine 
tests is 20 to 27 atmospheres, or 300 lb. to 
400 lb., it is advisable to have a small back- 
pressure valve inserted in the milled -head 
screw in the bomb cover in order dio avoid 
a great loss of gas when disconnecting the 
oxygen supply pipe and gauge from the bomb, 
after filling the latter with oxygen. At these 
high pressures the combustion of the coal 
is practically instantaneous, and the thin 


platinum wire used for ignition piirposoH will 
generally bo found fused owing to the tieni|)(uvi- 
turo momentarily attaliu'd. Tn ordcu- to pi-o- 
tect the platinum enpHulo or eriunlfie from the 
same effect, and fi*om tho aeiion of tlu’i inoHim 
slag produced, it is noeesHary to liiu'i it wilJi 
thin asbestos board, cut and slui})(‘(l t^o (It IJio 
crucible or capsule. Tills asix'stos l)oa,rd must 
be dried and ignited before use iu order l.o 
remove all matter that might vitiate tho 
results. 

§ (6) Calorimetry by Combitstion’ wrnr 
Sodium J^eroxide. — Tusion with sodium 
peroxide is tho only way known for finding 
tho heat of oxidation of olomciiis wliieh do 
not burn in oxygon and which form oxides 
insoluble in acids. The method is adapl^ed 
to the determination of tho heat formation 
of tho oxides of a metal and also tho heat; 
combination of metallic oxich's with sodium 
oxide. 

The method is indirect and tlie luvit clToct 
sought is not the observed olleet ; hence 
burning in compressed oxygon is preferable 
whore possible. Tor example, when carbon 
is burned with sodium peroxide the observed 
heat (a;) is the result of tho following roactioix; 

2 Na 202 + 0= NagCOa + Na/), 
and a? equals the heat of formation of carbon 
dioxide plus the heat of combination of carlxm 
dioxide with sodium oxide, and less ilu^ lu^at 
required to soj)arato two atotns of oxyg<m 
from two molecules of sodium peroxide ; tlms 
a; = C -h 20 -f (NagO h OOg) ~ -f- 20), 

so that 

C + 20 = ;r- (NaoO-i- OOo) -I- (2Nai20 !•20). 

Moreover, many substances do not give with 
sodium peroxide suflicieut heat to fuse the 
mixtui-o, and lionco some readily oomlmstrible 
substance, such as sulpliur or carbon, must 
be added which gives in many (iases the larger 
part of tho total heat otfcct. Trofessor ]VIixt.(U* ^ 
of Yale University, wlio has made an exbmsivc^ 
study of this method, gives tho following rc^sults 
obtained by fusion with sodium ])on)xido for 
comparison with those by comlxustiou in 
oxygen. They ai'o : 


Beaction. 

Sodium 
Peroxide ! 
Method. 

Combustion 
in Oxyeen 
Method. 


C-f20=CO.j . 

96-4 

94-7 

Amcr. Jounu 

XXIX. 130; ulHoxix. 
•J34 

lUd. xxvii, 348 

Ti-h20=rTi02 . 

216-6 

218-4 

3Fo-{-40=Fe304 

267-5 

206-2 

Bid. xxxvi. S’) 


Both values for C-f20 are for acetyletio 
carbon. One reason for tho higher value 
^ American Journal of iJcience, 1917, xliii. 27. 
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Xouud in the sodium peroxide method is that 
the carbon and peroxide wore mixed in a 
mortar, thus allowing the peroxide to absorb 
a little moistui ‘0 which added to the heat of 
the fusion. The value 2()7*5 for 3Fc + 40 is 
derived from the results of fusions of iron, 
ferrous oxide, ferric oxide, and the mineral 
magnetite with sodium peroxide, and 265*2 
was the result (jf burning iron in ox^^gen. 

Sodium j)cr(jxide absorbs water rapidly from 
the air, consequently it should be exposed 
as little as possible, as the hydrated peroxide 
Avill give more heat with a combustible than 
the anhydrous. One of two samples, that 
which gives off the less oxygen when fused, is 
the better one. The error from the water 
content is small in good peroxide. Its effect is 
further diminished when carbon, for example, 
is added to make a mixture fuse, because in 
practice the heat effect of the carbon is 
found for the carbon and peroxide actually 
used. 

Various substances may be added to a per- 
oxide mi.xture to increase the temperature of 
the fusion. Mixtor has used acetylene carbon, 
sulphur, and lami)-black. Pure rhonibohcdral 
sulphur in fine powder would appear to be the 
best of the three, but it becomes electrified 
when shaken in the bomb with the other 
ingredients and sometimes sticks to the bomb 
and is not completely oxidised. Sulphide 
is formed, and occasionally free sulphur is 
left. When the bomb is much blackened by a 
fusion with sulphur the heat result is low. 
Acu^tylcno carbon is the ideal substance to use, 
but clihicult to obtain. 

One i^art of the carbon requires 13 x^arts of 
pure sodium peroxide for combustion, and it 
is best to take about 20 parts in determining 
the heat effect of the carbon or lami')-black. 
Por the combustion of sulphur double the 
calculated amount of ])eroxido should he used. 
Oxygon is often evolved in a combustion from 
the action of an acudic oxide on the sodium 
ix'ii’oxide, and tlie hc'at required to set it free 
from the ])croxidG is added to the observed 
heat. This correction, 1*73 g--cal. for 1 c.c. 
of oxygon at 0° and 700 mm., is derived from 
BeketolT’s 0 = 100*26 Cal. and de For- 

crand’s Na^-I- 20 =119‘8 Cal, 

A'pparatm employ paI for the Tests. — The 
bomb is made of sterling silver whilst the top 
and fittings are of brass. 

Tin's mixture under tost is contained in a 
(ui{) of line silver supported in the bomb by 
its upper edge. A fusion in the cup cools 
imu’o slowly than when in contact with the 
cold bomb' and hence the reaction is more 
complete. 

The gcMieral arrangement of tlie apparatus 
is identical with that employed in fuel calori- 
mof;ry with the addition of bulbs for collecting 
any oxygon, set free by fusion. e a. 
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Chem. Soc., 1907, xxix. 739. 

“ fiber die Bestimmung der Verbrennungswarme 
organischer Verbindungen mit Benutzung des 
Platinwiderstandthermometers,” Fischer und Wrede, 
Zs. Phys. Chem., 1909, Lxix. 218. 

“ Eichung des Verbrennungskalorimeters_ und 
Arbeitweise,” Eoth, Lieb. Ann., 1910, ccclxxiii. 249. 

” Sur la chaleur de combustion de quelques derives 
hydronaphthaleniques,” Leroux, C.R., 1910, cli. 384. 

“ An Adiabatic Calorimeter for Use with the 
Calorimetric Bomb,” Benedict and Higgins, J. Am. 
Chem. Soc., 1910, xxxii. 461. 

“ fiber die Bestimmung von Verbrennungswiirmen 
mittels der kalorimetrischen Bombe unter Benutzung 
dcs Platinwiderstandthermometers,” Wrede, Zeit. 
Phys. C?iem., 1910, ]xxv. SI. , . 

“ Experiments on a Bomb Calorimeter, Allcut, 
Engineering, 1910, xc. 755. ^ j. 

” InfliicncG of Variation in Specific Heat of Water 
on Calorimetry of Fuels,” Loeb, J. Ind. Eng. Chem., 
191 1, iii. 175. ^ ^ . 

” A New Method of Ignition for Bomb Calori- 
meters,” Eochrich, Eighth Pit. Cong. Appl. Chem., 
1012, X. 209. 


Bourdon Gauges, Calibration, Adjustment, 
AND Correction for Temperature of. 
See “ Pressure, Measurement of,” § (11). 
Boyle’s Law on the variation of x^ressure with 
volume for a constant mass of gas states that 
constant (at constant temperature). 
See “Thermal Expansion,” § (14) (ii.) ; 
“ Thermodynamics,” §§ (5), (59), (66) ; 
“ Engines, Thermodynamics of Internal 
Combustion, ” § (13). 

^ The above references have been selected from a 
more extensive list quoted by Dickinson. 
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Brake Blocks : Frictional Resistance oe 
Brake Blocks. See “ Friction,” § (35). 

Brayton Type oe Internal Combustion 
Encine. See “ Engines, Thermod^nnamies 
of Internal Combustion,” §§ (29) and (52). 

Breast - wheel. See “ Hydraulics,” III. 
§ (47) (i.). 

Bridge, Strength oe : Example oe Estima- 
tion OF. See “ Structures, Strength of,” 
§ (26). 


British Thermal Unit (I5.T.U.). The quan- 
tity of heat r(H(uir(Ml to raise th(' t(un[)('i'jit.ui‘o 
of 1 lb. of water 1“^ Kalir. S(m^ “ II(‘;ds ( tm- 
duction of,” § (2) ; ''Thonuodynamie.s,” § (2). 

B.T.H. Steam Metiri. Sih"! I\l(^tor.s for 
Measuromonfc of Steam,” §(IH), V'ol. HI. 

Bulcinu, Drifting, t'LANcUNC, and Dlatten- 
INC Tests for Copper and BiiASs Tube. 
See ‘■‘Elastic Constants, Detormiiiatiou of,” 
§ (33). 


C 


CADaHTTM, Specific Heat of, at various 
Temperatures ; tabulated, with, the atomic 
heat. See “ Calorimetry, Electrical Methods 
of,” § (10), Table V. 

Calibration Corrections necessary in the 
Graduation of the Capillary" Tube of 
a Thermometer. See “Thermometry,” 
§ (3) (a). 

Callendar, maker in 1887 of a platinum 
resistance thermometer, the resistance of 
a particular specimen of platinum wire 
being directly determined at various tem- 
peratures up to 600° C. See “ Resistance 
Thermonieters,” § (2), 

Callendar’s Equation, applied to the 
expansion of steam j and Tables. 

, RT 

v-b ~ — -c, 

P 

where c=:CoTo"/T". See “ Thermal Expan- 
sion,” § (24) ; “ Thermodynamics,” § (61 ) ; 
“ Steam-engine, Theory of,” § (9). 

Callendar and Barnes’ Method of deter- 
mining Mechanical Equivalent of Heat. 
See “ Mechanical Equivalent of Heat,” 
§ (5) (iii.). 

Callendar and Nicolson. Paper on ex- 
changes of heat between steam and cylinder 
wall {Jlin. Proc. Inst. C.E., 1897, cxxxi.). 
See “ Steam-engine, Theory of,” § (10). 

Callendar and Swann. Betermination, by 
the continuous flow method, of the specific 
heats of air and carbon dioxide at atmo- 
spheric pressure at 20° C. and 100° C. See 
“ Calorimetry, Electrical Methods of,” § (13). 

Caloric Theory, Rumford’s Attack on. 
See “ Mechanical Equivalent of Heat,” § (1). 

Calorific Values of Fuels. See “ Engines, 
Thermodynamics of Internal Combustion,” 

§ (68), Tables IL, III., IV., and V. 

Calorimeter : 

An apparatus for the measurement of heat. 
IT^d in experiments by the method of 
mixtures, in which the substances under 
investigation are mixed. See “ Calori- 
metry. Method of IMixtures,” § (5) (i.). 
Bunsen’s Ice : an instrument in which the 
heat given out by a body in cooling from 
some higher temperature to 0° C. is ob- ! 


tained by observing the cord^racition whu'.li 
takes ])lace in thocliaugo from ic.o (o wa-tm* 
produced by the Imat givtai by tlu^ !)ody. 
The observed volume (iliaugo is conviu’tiMl 
into (udorics ])y assuming a valium for tlu^ 
mass of mercury drawn into tlun insi,iMi- 
nient by tlio atldition of oiu^ iikmiu e.ailorie 
of heat. Sco “ Calorimetru! Methods 
based on the Change of States” § (2). 

Bunsen’s Ice, Modifications of. Sco § (3). 

Coal. Soo “ Coal Calorimeter.” 

Constant of Bunsen’s Ice ; tlio mass of 
mercury drawn into the instrument by f.lu^ 
addition of one mean caloric of IkmU/ : 
values summarised and tabulated. Scu'i 
“Calorimetric Methods basiMl on the 
Change of State,” § (2), 3’al)le 1. 

Dewar’s Liquid Air and Mydvogtm : a 
calorimeter based on an analogous prin- 
ciple to the steam caloriiuc^tiu’ in wliicli 
one of the liquefied gases is em])loy(Ml as 
calorimetric substance. S(e ihid. § (<>). 

Differential Steam, for the (hdii'irminafiion 
of s])ecific boats of ga-si's Uit constant 
volume. Soo ibid. § (5). 

Gas. Soo ‘-'Gas ( •alorimotiw.” 

Joly’s Steam: an instruraont in whiifii the 
heat necessary to raise the h'luptMvdiUie 
of a body from the air temp('ra4ui’e to 
100° is measured by d(>tcrminiug tlu^ 
weight of steam which musi he (uiiuIi'IIhimI 
into water at 100° to supply fJiis heat. 
See “ Calorimetric Methods based on tht^ 
Change of State,” § (4). 

Liquid Hydrogen. See ibid. § (8). 

Liquid Oxygen. See ibid. § (7), 

Metallic Block Typos of. See “ Caloriiiudiry 
Method of Mixtures,” § (13). ' ’ 

CALORIMETRY 

Calorimetry is concerned with the inoaHun^- 
raent^ of energy in the form of heat. It 
constitutes one of the most difiicult branelu's 
of e.^ct measurements owing to tho fact that 
a perfect non-conductor of heat docs not (Lxist. 

The common method of measuring (juantitic's 
of heat IS by utilising tho difforent efTe(d;H of 
heat on materials such as tho . diange of 
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temperature or the change of state, but in 
recent years another method has come into 
extensive use, known as the Electrical Method. 
In this a definite and easily measurable amount 
of electrical energy is converted into heat, and 
the resulting change of temperature or state 
observed. The electrical method has many ad- 
vantages when measurements of the highest pre- 
cision have to be made on account of the facility 
with which the heat supply can be controlled. 

In the brief review given in the follow- 
ing pages the appliances employed in heat 
measurements will bo described, and then the 
theories which have boon advanced to correlate 
the thermal data with other physical constants. 

CALORIMETRY, ELECTRICAL 
METHODS OE 

§ (1) General. — The electrical method of 
calorimetry was first employed by Joule with 
a vicAV to the determination of the mechanical 
equivalent of heat (J). Subsequent work by 
Professors E. H. Grifliths, Schuster, Gannon, 
Callondar, and Barnes showed that the method 
was one capable of the highest precision for the 
determination of J. The article on the deter- 
mination of the mechanical equivalent ^ of 
heat should be consulted for details of the 
method as aj^plied to the determination of 
heat capacity of water and its variation with 
temperature. 

lu passing it might bo mentioned that the calibra- 
tion of bomb cabji’iineiora is frequently carried out 
by electrical methods in which an equivalent amount 
of heat to that obtained in combustion is generated 
in the bomb and its amount measured by observations 
of tho watts dissipated, the procedure being identical 
with tfiat followed in methods for deter m i n ing J. 

In specific heat determinations the great 
convenience possessed by the electrical method 
lies in the fact that it permits of the deter- 
mination of true specific heats, i.e. the specific 
heat over a very narrow range of temperature, 
and consequently it has been of immense 
service in determinations of the variation of 
atcunic heats witli temperature. 

§ (2) Speoieic Heat oe Liquids by Elec- 
trical Methods. — It is obvious that any of 
tho a])pUances which have been devised for 
the evaluation of J arc also applicable for the 
determination of tho specific heat of liquids, 
and further that they would give data of the 
highest order of accuracy. There are, how- 
ever, certain difficulties in practice. 

Both Callondar and Griffiths applied their 
electrical methods for this purpose : the former 
doterminod the specific heat of mercury and the 
latter that of aniline. 

§ (3) SrEOirio Heat op Mercury. — The 
apparatus employed by Callendar,® Barnes, and 

^ SoG “ Heat, Metdianical Equivalent of.'* 

2 Phil Trans, A, 1902 ; Phys, Rev., 1902, xv. 

VOL. I 


Cooke for the determination of the specific 
heat of mercury is shown diagrammatically in 
Fig. 1. The calorimeter differs from that 
employed for the determination of J in that 
the flowing mercury is the conductor in which 
heat is generated electrically and not a fine 
platinum wire stretched along the axis of the 
tube as in the case of the J apparatus. A 
steady stream of mercury flows through the 
fine capillary tube and is heated by a carefully 
controlled electric current. The difference of 
temperature between the inflow and outflow 
is observed by means of a diflerential pair of 
lilatiuum thermometers. The inflow and out- 
flow tubes AB and CD are exactly similar, 
about 2 cm. internal diameter and 25 cm. 
long. They are connected by the fine flow 
tube BO of 1 mm. in bore and 1 metre in 
length, coiled up in the form of a short spiral 
2-5 cm. in diameter. The inflow and out- 
flow tubes are provided vuth two side tubes, 
one pair for conveying the current, and the 
other pair for the mercury flow. 

A practical advantage possessed by the continuous 
flow method is the fact that the heat loss from the 
walls can be determined by making experiments 


with different rates of flow, but keeping the rise of 
temperature constant. 

(i.) Methods of determming the True Mean 
Tem.peratme of Outflow . — By far the most 
important practical detail in this method is 
the device adopted for obtaining the true 
mean temperature of the outflowing liquid. 
If a thermometer were merely inserted in the 
outflow tube, leaving a free space all round 
for the circulation of the liquid, it is evident 
that the heated liquid would tend to flow in 
a stream along the top of the outflow tube, 
and that the thermometer might indicate a 
temperature which had little or no relation to 
the mean temperature of the stream. It is 
easy to make an error of 20 per cent in this 
manner. A fairly uniform distribution of the 
flow might be secured by making the space 
between the thermometer and the outflow 
lube very narrow. But this leads to another 
difficulty in the case of mercury. As the 
sj)ace is narrowed the electrical resistance is 
increased, and an appreciable quantity of heat, 
which cannot he accurately estimated, is gener- 
ated in the vicinity of the thermometers. 

The difficulty was overcome in the mercury 
experiments by fitting the inflow and outflow 
tubes with soft iron eyUnders, 6 cm. long, 
turned to fit the tubes and bored to fit the 
thermometers. The soft iron had a conduc- 

D 
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tmt 7 about ten times that of mercury for 
both heat and electricity. The heat generated 
by the current in the immediate vicinity of 
the thermometer bulbs was so small that 
the watts might fairly be calculated from the 
difference of potential between the iron blocks 
at the middle points of the bulbs. The 
mercury stream was forced to circulate in a 
spiral screw thread of suitable dimensions cut 
in the outer surface of the blocks, which 
prevented the formation of stream-lines along 
one side of the tube, and secured uniformity 
of temperature throughout the cross-section of 
the outflow tube. The high conductivity of 
the iron also assisted in securing the same 
result. 

A precisely analogous device for averaging the 
outflow temperature was applied in the water 
calorimeter. The bulb of the thermometer was 
fitted with a copper sleeve of high conductivity, on 
the outside of which a rubber spiral was wound to 
fit the outflow tube as closely as possible. The 
accuracy of fit was found to be much more important 
in the case of water than in the case of mercury. 
The reason of this is that the thermal conductivity 
of water being 10 or 15 times less than that of mercury 
the accurate averaging of the outflow temperature 
is more dependent on the uniformity of the spiral 
circulation and the complete elimination of asym- 
metric stream-lines. 

In order to obtain a perfect fit for the 
sleeves with their spiral screws it was necessary 
that the bore of the outflow tube should be as 
nearly uniform as possible and accurately 
straight. It was most essential that there 
should be no constriction at the points of 
junction E and E with the vacuum-jacket, 
and that the external portions of the tubes 
AE, ED should not be of smaller bore than 
the portions inside the vacuum-jacket, though 
it would not matter much if they were a little 
larger. 

(ii.) Correction for Variation of the Temi^era- 
hire Gradient m the Flow Tube, — The elementary 
theory of the elimination of the heat loss in 
the steady-flow method of calorimetry assumes 
that, if the electric current and the flow of 
liquid be simultaneously varied in such a 
manner as to keep the rise of temperature the 
same, the heat loss by radiation, etc., will 
remain constant. The experimental results of 
Callendar and Barnes show that this condition 
is very closely satisfied in the method, and they 
calculated all the results of the investigation 
on this assumption. It was noticed, how'ever, 
that there were small systematic divergences 
in the experimental verification for the small 
flows which, though amounting only to a few 
parts in 10,000, received careful examination 
as possible indications of constant errors. 

So long as the distribution of temperature 
throughout the apparatus is accurately the 
same for the same rise of temperature, what- 
ever the flow, the heat loss must also be 


identical. But if ihoro is any Hystcniaiic, 
change in the toinpci'aturo (listribution with 
change of flow, then there niiist bo a oorrc'!- 
sponding systematic dilTeroiu'o in tlu' lusit 
loss, which will lead to cotiHlant crrorH in the 
calculation if no accoiint is tak(Mi of it. A 
XDossible source of error of tliis tyi)c is Joss of 
heat by conduction along the outflow tube. 
When the flow is large, the hca,t(Hl 
passing along the tube will keep it nearly at 
a uniform temperature, so that the gratlient 
in the outflow tube will bo small and the 
conduction loss correspondingly mitiute. As 
the flow is diminished, su})poHmg the teinf)era- 
ture of the outflow to remain the same, the 
gradient in the outflow-tube must inereaso in 
proportion to the reciprocal of the flow, HiiHH'* 
the radiation loss remains nearly the sauu'. 
The conduction loss will vary clirecitly as tlu^ 
gradient, or inversely as the flow, for a giv(ui 
rise of temperature. 

A small error of this kind, duo to conduction, 
was detected at an early stage in the mercury 
calorimeter, owing to the largo mass of meuxuny 
in the flow tube, the small rate of the flow, and 
the relatively high thermal condu(^tivity of tlu^ 
liquid. It was practically oliminatod by lilliiig 
the greater part of the outflow tube from tlio 
end of the vacuum- jacket with x)ara0in wax, 
leaving only a small passage for the outflow 
of mercury. This made the ciondutflion loss 
very small, and nearly independent of the 
flow. 

§ (4) Variation on tub Sl’BOIFU) Hbat on 
Mercury with Temteeature. — Tho value of 
the specific heat of mercury in terms of walor 
was calculated from tho e.xperiuH'iutu.l (hitia., 
taking the value of J equal to 4-1891 for a 
thermal unit at 15-5®, wliieii waiS the tempera- 
ture recommended by (irifliths at tho Paris 
Congress in 1900. 

The exx)orimcntal results lead to l.la^ t^x- 
prossion 

S*=So-l-074x lO-^'^+'OOmx 

whore 8,, = ‘033458. 

This gives for tho tomperaturo c',ocvfli(uent at 
any tomperaturo t tho exproHsion 

It (I**) “ 

and for the average change peu’ d(^gi‘(‘(^ at r>0‘^ 
the value - -OOOOOGD. 

Tho data obtained in tho exporiimmiH an^ 
summarised in Table I., p. 35. 

§ (5) Specipio Heat on Anietne. Ih’ofeHHor 
E. H. Griffiths ^ determined the HptMulie, luvit 
of aniline over tho range 15® to 50° ( ). by nutans 
of an apparatus similar in its essential features 

Troc, (Jamb. Phil, Aoc., 

1895, viii. part 4. 
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Table I 


Specific Heat of Mercury at Different 
Temperatures 


Moan 

Temporal ure. 

Specific 

Heat. 

Mean 

Temperature. 

Specific 

Heat. 

2-85 

•033435 

32-41 

•033141 

2-93 

•033440 

30-59 

•033121 

4-42 

•033405 

45-00 

•033050 

18-37 

•033291 

53-39 

•032997 

24-52 

•033224 

G5-22 

•032929 

31- G8 

32- 14 

•03315G 

•033151 

83-89 

1 

•032818 


to that shown in Figs. 5 and 6 of the article 

Heat, Mechanical Equivalent of.” 

For experimental .work in calorimetry aniline lias 
various points in its favour. It has a low vapour 
pressure at ordinary temperatures, is a good electrical 
insulator, and has a low heat capacity. 

On exposure to light it becomes discoloured, but 
no information is available to show whether this 
alTocts the thermal capacity. 

For the variation of the specific heat with 
temperature Griffiths obtained the following 
equation : 

Si=0-5156-H(i- 20) x -0004+^-20)2 x -000002. 

The agreement between this formula and 
the expierimental results will be seen from the 
table below : 

Table II 


Temperature. 

Si Experimental. 

Si Formula. 

15® 

■5137 

•5137 

20 

•5155 

•5150 

25 

•5175 

•5170 

30 

■5198 

•5198 

35 

•5221 

•5221 

40 

•5244 

•5244 

45 

•52G8 

•52G9 

50 

•5294 

•5294 

52 

•5304 

•5305 


In the course of this work it was observed 
that the volume heat, i.e. the specific heat 
multiplied by the density, was practically con- 
stant over the range of temperature investi- 
gated as shown by the following results : 


Table III 


Tompcratiiro. 

Specific 

Heat, 

S. 

Density, 

(1. 

Sxd. 

15 

0-5137 

1-0257 

•5269 

20 

0-515G 

1-0218 

•52G9 

30 

0-5198 

1-0130 

•52G7 

40 

0-5244 

1-0040 

•52G7 

60 

0-6294 

0-9955 

•5270 


§ (6) Specific Heat of Oils. — In some ex- 
periments in which it was desired to determine 


the specific heat of oils over a wide range of 
temperature the apparatus shown below {Fig, 2) 
was employed by the writer. 



At room temperatures the oils were ex- 
ceedingly viscous, and consequently it was 
necessary to employ somewhat unusual 
methods of ensuring that the contents were 
well mixed. The heating coils were arranged 
in the form of two flat paddles so that 
they were in continuous rotation through 
the oil ; suitably disposed baffles further 
assisted the mixing of the contents of the 
calorimeter. It was necessary to lead the 
current in and out of the calorimeter by 
means of two annular troughs of mercury 
into which contact bars from the heating 
coil dipped. 

§ (7) Specific Heat of Liquids used for 
Refrigerators. — Osborn ^ has developed an 
apparatus suitable for the determination of 
specific heats and latent heats of the liquids 
commonly employed in refrigeration work, 
such as ammonia, CO 2 , SO 2 , methyl-chloride, 
and ethyl - chloride. Such determinations 
present greater experimental difficulties than 
are met with in work on liquids at ordinary 
pressure, since these materials have a vapour 
pressure varying from I to 70 atmospheres 
at the temperatures at which the | thermal 
properties are of importance in engineering 
work. Consequently, in the design of appa- 
ratus for experiments of this character great 
attention has to he paid to details of con- 
struction. 

(i.) The, Calorimeter . — Briefly the arrange- 
1 BuU. Bur. Stds., 1917, xv. 133. 
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ment is as follows : The material to be investi- 
gated is enclosed in a calorimeter with thick 
metallic walls of known thermal capacity 
3). Heat is applied electrically and the 
jacket is maintained at the same temperature 
by the usual adiabatic arrangement. 

An air space between the polished nickel 
surfaces of calorimeter and jacket furnishes 
thermal insulation. Two tubes extend from 
the top of the calorimeter through the jacket 
and liquid to the outside air, terminating in 
valves. One of these tubes is intended for 
connection to pressure-indicating apparatus 
and the other for the introduction and removal 
of the material to be investigated. 

Care was taken to avoid having heavy metal 
connections across the air space and by suitably 



distributing those connections which are necessary 
over the calorimeter surface, the part of the 
thermal leakage due to lead conduction was consider- 
ably mimmised. Thermoelements indicate relative 
surface temperatures of the jacket calorimeter, 10 
junctions being distributed upon each surface. This 
permits of control over the thermal leakage and 
the correction for such leakage as could not bo 
avoided. 

Thermojunctions placed upon the connecting tubes 
indicate the temperature of these tubes at several 
points relative to a point on the jacket and in this 
way the temperature of the vapour expelled during 
vaporisation experiments could be found. 

The inside of the central tube in the calorimeter is 
accessible at the bottom for the introduction of the 
heating coil and thermometer. Upon the outside 
of this tube are fastened 12 radial vanes of tiimod 


iron about 0-3 mm. tliick, exi(‘nding t-o within aboid) 

1 ram. of tho surrounding cylindrical wall, ddu'se 
vanes are for the purpose of promoling the dis- 
tribution of lieat within the annular Hpa,c(^ containing 
the material under investigiitioii. ''I'hc vaiU'S (‘xtend 
just above tho top of the ccaitml tube. Ati tluM place 
arc two flat circular balllc plate's, Hopaa'ated about 

2 mm. by three small steel Htuds. ''Flie low('r i)lutie is 
united to the tops of the radial vaiuos with tin. A 
central hole in tho lower plate and scn'eral hoh's in 
tho upper ono between cc'utrc and outside furnish 
a tortuous passage for vaixuir coming from Ixdow. 
These two plates are iniomh'd to intenu'pt any 
largo drops of liquid which might bo thro-wn u|) by 
vigorous boiling, should it occur, and also acti as a 
thermal sliicld for the top of the calorinu'Uu’. A 
second sot of four bathe ])lates of splu'rieal contour 
separated by about 2 mm. are attached to th(^ insider 
surface of the conical part of tho caloi'inu'Uu’ top. 
Each plate has a central hole and four Hlot.H a.t th(‘ 
edge so as to avoid trapping gas or lupiid, Initi ilu'st^ 
passages are so sizc'd and spacuxl that the main pat h 
through tho plates is very tortuous, so as t.o make 
difficult the passage of liquid particles from bt^low 
in a current of vapour being withdrawn tlirough 
the outlets in tho top. The entire inner sui’faec^ of 
tho steel shell and of tho various plates within wcu'e 
all tinned, using pure blocik tin. 

(ii.) Method of JUxperiment . — Two (listincd; 
methods of exporiment wore omj)i()yc(l. In 
the first method tho heat, added to a lixt^l 
amount of the substance under towt confliUHl 
in the calorimeter under saturation eonditioiiH, 
together with the resulting cduingo in Itun- 
perature, are measured. By UHiiig data for 
tho specific volumes of tho two pliasc^H and 
latent heat of vaj)orisation, the lu^at lost in 
the vaporisation of tlio liquid is (‘stiumbMl 
and can be allowed for; thus tlu^ H|)(Hdlic 
heat of tho liquid wlum kept saturatod is 
found. 

In the second method tho (talorinud.(u‘ is 
kept full of hhjuid at a (ionstant prossiuHv 
The heat, added to tho vari!iI)lo amount in jilu^ 
calorimeter, and tho resulting cluiiiga^ in tcun- 
perature are measured. A ciorrec'tion for 
heat withdrawn in tlie oxi)eII(‘d Ihjuid is (hfl,(u-- 
mined by special ox])crimontH. By us(^ of tlio 
data for variation witli ])r(^sHiire of tlu^ laicntt 
heat of the liquitl, obtained from H(q)arato 
measurements, made with, the sanui ap[)iu‘a,inH 
and material, tho eorroctions for prossiu’e 
variation are ajqflicd, and thns a H(i(u)nd 
determination of tho 8j)e(tiflc heat of ih(^ 
saturated liquid is obtained. 

As a final result, tho spocilic heat a, in jonh^s 
per gram per degree contigrachv of li(niid 
ammonia, kept saturated, at the teniporaliuix^ 
0, is given in the range to *1 hy 

the equation 

<r=3-1365-0-000,';7tf+ 

JlXi-O 

The two ourvos in Fiy. 4 show tim results 
graphically. 
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§ (8) SrjflCiFic Heats or Solids by- Eleg- 
TKIOAL Methods. — Very little work has been 
clone on the determination of the specific heat 


heats of the metals aluminium, tin, copper, 
cadmium, zinc, lead, and silver over the 
range - 160'’ to + 100° C. 
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of solid substances by the electrical method 
except for the metals. The method, of course, 
lends itself admirably to the determination of 
the specific heats of good thermal conductors, 
but with poor conductors special devices must 
be adopted to ensure uniformity of tempera- 
ture throughout the material under test. 

§ (9) Gaede- — Gaede ^ appeal’s to have been 
the first to measure specific heats in this 
manner. In his experiments the specimens 
formed their own calorimeters. These were 
machined to a cylindrical form and a deep 
central core bored out. Into this was thrust 
a cop]ier core, wound with a properly in- 
sulated heater of constantan ribbon and a 
resistance thermometer of fine copper wire. 
Thermal contact between the core and the 
walls of the well was secured by filling the 
intervening space with mercury, using a thin 
stool shell when necessary to avoid amalgama- 
tion. This calorimeter was suspended in a 
thermostat and heated through an accurately 
measured temperature interval of about 15° 
by a measured quantity of energy supplied 
electi’ically. 

Very few particulars of the investigation 
have been published, and the data obtained 
are summarised in Table IV. 

§ (10) Metals. — Professor E. H. Griffiths 
and Dr. Ezer Griffiths studied^ the specific 

^ Phi/8, Zeitsohr., 1902, iv. 

“ Phil Tmn8. Roy. Soc. A, 500, 1913, eexiii. 119; 
Roy. Boo. Proc. A, 1914, Ixxxix. 501 ; PhU. Trans. A, 
518, 1914, p. 319. 


Table IV 


Mercury. 

Platinum. 

Steel. 

Tempera- 

ture. 

specific 

Heat. 

Tempera- 

ture. 

Specific 

Heat. 

Tempera- 

ture 

Specific 

Heat. 

17-1 

•03320 

17*5 

*03128 

16*8 

•1064 

31-8 

•03311 

32*0 

•03146 

32*3 

•1082 

47*2 

•03302 

47*8 

•03167 

47*1 

■1099 

61-9 

•03292 

02*2 

*03180 

62*0 

•1114 

77-0 

•03282 

77*2 

■03193 

76*7 

•1129 

92-C 

•03273 

92*2 

•03205 

91*9 

•1144 

Lead. 

Antimony. 

Tin. 

Tompora- 

ture. 

specific 

Heat. 

Tempera- 

ture. 

Specific 

Heat. 

] 

^Tempera- 
1 ture. 

Specific 

Heat. 

18-3 

•03054 

17*1 

•05025 

’ 16*8 

•05398 

32-3 

•03076 

33*0 

*05056 

1 32*6 

*05446 

47-1 

•03091 

47*2 

•05082 

46*8 

•055486 

Gl-C 

•03103 

62*4 

•05103 

62*1 

•05534 

70-9 

•03112 

77*3 

•05116 

76-9 

•05580 

92-0 

•03125 

92*6 

*05132 

92*1 

J 

*055623 

Zinc. 

Cadmium. 

Copper. 

Teiuiu'ra- 

turo. 

Bpeclfiu 

Uoat. 

Tompera- 

ture. 

Specific 

Heat. 

Tempera- 

ture. 

Specific 

Heat. 

17-3 

•0922 

17*1 

*05483 

16*7 

■0911 

32-4 

•0929 

32*2 

•05635 

32-7 

•0919 

47-2 

•0936 

47*1 

•05666 

47-0 

•0924 

62-2 

•0941 

61*8 

•05594 

61-9 

•0931 

77*3 

•0946 

70*9 

*05629 

76-4 

•0935 

92*7 

-0949 

92*2 

•05655 

92*3 

•0940 
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(i.) Temperatures 0°-100°.— The apparatus 
employed for determinations in the range 0 
to 100° C. is shown in Fig. 5. 

Two similar blocks of the metal under test 
were suspended in two brass enclosures im- 



mersed in a constant temperature bath. In 
the central hole of each block was a heating 
coil whilst the coaxial holes contained resist- 
ance thermometers connected differentially. 

The third hole was used for the purpose of 
cooling the block below the surrounding tem- 
perature by the insertion of a thin- walled tube 
containing ether and connected to a water 
pump. 

In the experiments one of the blocks was 
heated through a range from one degree below 
the temperature of the enclosure to one degree 
above the temperature of the enclosure by a 
measured supply of electrical energy. 

This temperature interval was measured on 
a resistance bridge in the usual manner. Since 
the two resistance thermometers were adjusted 
to close equality and made of the same sample 
of wire, the balance point on the bridge wire 
was practically at the centre of the wire at 
aU temperatures when the blocks were in 
temperature equilibrium with the enclosure. 
Hence no auxiliary coils were required in the 
Wheatstone’s bridge circuit beyond the equal 
ratio arms. 

The energy supplied to the heating coils was 
measured by balancing the potential difference 
at its ends against the E.M.F. of a series of 
cadmium cells in series, the current through the 


coil being adjusted until balance was obtained. 
The resistance of tlio heating coil was <l(^iei'- 
mined for the particular value of the current 
passing. 

(ii.) Loiu Tcmperaf'i(res.~~n^\o ('xperiincnts 
were continued at low tom])cratureH but witli 
a modified form of apparatus shown in Fig. (>, 
as it was very difficult to obtain any cu)nHtant 
temperature baths in the region frenu -80° to 
- 180° C. 

In this apparatus a constant temperature 
enclosure was obtained by the use of a tliicic- 
wallod copper box 
— ^ Hurronndccl by a 

coil of piping 
throiigb \vbi(di 
cooled air cinui- 
lated. Thotloulo- 
Thomson effect of 
cooling was uiil- 
iaod in a direct 
manner. Air was 
coinpressocl to a 
pressure of 2000 
to 3000 11 )H. per 
sq. in., and then 
entered into the 
intorch anger by 

tho pipe A, Fig. 0. 
This intorehaiigcr 
BB was con- 
structed of oi'di- 



FiG. G. 


nary solid drawn copper tubing J in. boro 
coiled in tho form of flat spirals. Suc 5 - 
cessive layers of tho coil w^orc sciiaratod hy 
strips of cardboard and the entire coil packed 
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around with heat-insulating material. From 
the interchangcr coils the air was carried to the 
valve C, by moans of which an observer con- 
trolled the flow, excess of air being discharged 
at the safety-valve on the compressor. After 
expansion the air circulated through the coil 
of lead tubing D, and then back over the 
surface of the interchangcr coils. On the 
exterior surface of the thick-availed copper 
enclosure E was wound a layer of insulated 
copper wire F, which served as a resistance 
thermometer. Variations in the temperature 
of the walls of this enclosure were rendered 
visible by the movements of a galvanometer 
si)()t. By controlling the flow of air the 
oscillations of the spot could be kept within 
narrow limits and, under normal conditions, 
the oscillations did not exceed a hundredth of 
a degree in amplitude. 

The interior of the wooden vessel M was 
packed with slag wool,^ the passage for the 
withdrawal of the copper enclosure being kept 
clear by a cylindrical tube of cardboard N. 
The space between the top of the enclos 
ure and the outer hd was filled by wrap- 
ping felt matting around the glass tubes and 
loads. 

The block of metal G was suspended within 
the enclosure by a single glass tube H. The 
centre hole contained the heating coil 0, of 
manganin wire wound on a mica rack and 
immersed in a light imrafiin, usually petrol. 
The heating coil was fixed to a short taper 
plug of copper K, which closed the central 
hole. The resistance of the coil was about 26 
ohms. A platinum thermometer was inserted 
in the cyhndrical hole T, the annular gap 
between the stem and the walls being closed by 
a packing of asbestos thread. The differential 
arrangement employed in the previous experi- 
ments was abandoned as it would have required 
too long a time to obtain the equilibrium 
conditions. 

(hi.) Method of Expen)n€M . — In these experi- 
ments the practice was to heat the material 
through a small temperature interval from 
below the surroundings to an approximately 
equal interval above, and observe the rate 
of j-isc during this period. The method of 
experiment was such that a direct deter- 
mination of the temperature of the enclosure 
was not required. An experiment was con- 
ducted as follows : 

The temperat/uro of the cnclosuro was lowered 
progressively by utilising tbe full supply from the 
compressor and conirolling the flow so as to produce 
a steady pressure drop through the valve of 120 to 
150 atmospheres. 

Tlie temperature of the block would fall at a steady 
rate by radiation and convection to the enclosure 

^ It is probable that wool in its naliiml state would 
have b(um a l)(‘tter iiisiilator at these low tempera- 
tures, since the grease in the wool prevents it from 
absorbing moisture. 


walls, and wdien its temperature had nearly reached 
the desired point the cold air circulation around the 
enclosure was stopped. 

Its temperature W'ould then rise rapidly by 
conduction from without and soon pass that of the 
block which, in consequence of the slow transmission 
of heat by radiation and convection, would lag 
behind that of the walls. The temperature of the 
enclosure walk would then be maintained steady at 
about three degrees liighcr than that of the metal 
block. 

Some time had to elapse before the conditions were 
sufficiently settled to justify the commencement of 
an experiment. 

The first group of readings consisted of observa- 
tions of the rate of rise of temperature of the block 
by radiation, etc., the transits of the temperature 
being observed across successive equal intervak 
(of about -sTjth of a degree), the time between suc- 
cessive transits being of the order of 50 seconds. 

The electrical supply was then switched on, and, 
after allowing a little time for the setting up of a 
steady gradient, transits every fifth of a degree were 
taken. 

When the temperature had risen two or three 
degrees above the surroundings the electrical supply 
was switched off and observations of temperature and 
time continued. 

The temperature would then fall steadily under the 
influence of radiation, etc., the rate of cooling being 
observed in precisely the same manner as the rate 
of rise of temperature before the electrical supply 
was switched on. 

If or is the rate of rise or fall due to radiation 
for 1° 0. difierence in temperature between the 
block and the surroundings, then assuming 
Newton’s law to be valid for the loss or gain by 
“ radiation ” (an assumption which was fully 
justified by the experimental results), we have 
the expression 

for the rate of rise or fall under the influence 
of “ radiation ” alone. Hence, plotting dSjdt 
against d, the straight line joining the two 
groups will cut the temperature axis at 6 = 6^ 
which determines the temperature of the 
surroundings. 

For the rate of rise under the combined 
effect of the electrical supply and radiation we 
have the equation 

where E-/R is the 'electrical supply per second 
in thermal units, MS the thermal capacity 
of the block including that of the resistance 
coil, etc. 

Plotting the observed rates of rise on the 
same scale as the “ radiation ” observations, it 
is obvious that the straight line thus obtained 
should be parallel to the line joining the two 
groups of “ radiation ” observations, since the 
tangent of the angle made with the 6 axis is 
equal to tr. For 6 = the “ radiation” term 
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vanishes, hence, if 30 n/ 3^ denotes the value of 
the ordinate at this point, then 

at RMS’ 

from which S can he obtained. The results 
"" obtained are summarised in Table V „ and shown 
graphically in Fig. 7, where T is the absolute 



temperature and Cj, is the atomic heat, i.e. 
specific heat multiplied by the atomic weight : 

Table V 


Abs. 

Temp. 

Specific 

Heat. 


Abs. 

Temp, 

Specific 

Heat. 

Cp. 



Copper 



138 

0-07766 

4-94 

301-6 

0-09230 

5-87 

149-5 

0-07942 

5-05 

336-7 

0-09365 

5-95 

171-4 

0-08235 

5-23 

340-5 

0-09387 

5-97 

204-9 

0-08593 

5*46 

370-5 

0-09521 

6-05 

273-1 

0-09088 

5-78 

.. 





Zinc 



145-5 

0-08421 

5-50 

323 -G 

0-09412 

G-15 

21M 

0-0SS98 

5-82 

370-5 

0-09521 

6-22 

273-1 

0-09176 

6-00 

396-5 

0-09570 

6-26 

294-6 

0-092G5 

6-06 






Silver 



158-1 

1 0-05210 

5-62 

301-5 

0-05613 

G-05 

187-4 

0-05362 

5-78 

340-5 

0-05680 

6-13 

273 1 , 

i 0-05560 , 

6-00 

370-6 

0-05737 

6-19 



Cadmium 



lOS-3 [ 

0-04907 

5-52 

1 301-5 

0-05554 

6-24 

lSl-8 

0-05287 

5-94 

' 327-6 

0-05616 

6-31 

273-1 1 

0-05475 

G-15 1 

370-8 

0-05714 

6-42 



Lead 



118-G 

0-02867 

5-94 

301-5 

0-03053 

1 6-32 

lGG-3 

0-02903 

C-01 

324-1 

0-03073 

' 6-36 

254-4 

0-02989 

G-19 

340-5 

0-03102 

6-42 

273-1 

0-03020 

G-25 

370-6 

0-03127 

6-48 


Sodium (Annealed) 


123-3 

0-2466 

5-67 II 273-1 

0-2829 

6*51 

155-2 

0-25SG 

5-95 305-9 

0-2910 

G-69 

179-3 

0-2610 

6-02 322-4 

0-2952 

6-79 

210-5 

0-2707 

6-23 340-9 

0-3019 1 

6-94 

270-6 1 

0-2826 1 

6-51 II .. 1 

-• ( 



Taulk V — ('ovllnurd 


Abs. 

Temp. 

Spcchlc 

Heat. 

cv. 

1 Abs. 
T(!mp. 

Spocilb’, 

Heat. 

(V. 


Sodium (Molten STA^ 

'E) 


373-0 

0-3234 

7-M 


0-3205 

7-37 

376 -2 

0-3232 

7-43 

411-6 

0-3189 

7-;m 

390-1 

0-3217 

7-40 





§ (11) Nernst and Lindemann.^ — Tbese 
observers made a scries of point to point) det(u*- 
minations at very low tcnipcratur<\s, using a 
calorimeter developed by Kuekoii.^ A j)ie(H^ of 
metal of suitable size was shaped iiiito a hollow 
cylinder and a loosely litting core made for th(^ 
same. On the core was wra])])ed a platinum 
wire, properly insulated, to servo as a rosistaneo 
thermometer and also as ohuitric hoat(U’. ''riu^ 
core was placed in the cylinder and paratlin 
poured into the crevices to im[)rovo the tiiormai 
contact (see Fig. 8). The wlioU^ was suspcuidod 
in vacuo, and the spocilic heat ovtu* small 
temperature intervals 
determined from measure- 
ments of energy supplied 
electrically and of the 
temperature rise resulting 
therefrom. ISTornst and 
Lindemann api)lied the 
same method to poor 
heat conductors. For 
such materials the design 
of calorimeter is shown in 
Fig. 9. The ware was 
wound on a silver tulie 
projecting into a silviu’ 
vessel, the high eonduo- 
tivity of the silver assist- 
ing the equalisation of 
the temperature through 
the mass. Some of the data for pure 
metals obtained by Norust arc given in 
Table VI. 

§ (12) Copper. — Harper ^ studicHl (i.) the 
specific heat of copper over tlie rang(^ 

15° to 50° G. The si)ocimen was in 
the form of copper wire, which also 
served as its own thormoinotor and 
heater. The wire was 50 mcitres in 
length and 2-5 mm. in diamelm* ; it 
was compactly coiled into a number 
of flat spirals sej)aratod by iniiia 
jilates. The coil was susx)ondcd iu 
vacuo, and heated with a measured 
quantity of energy supplied elec- 
trically, the resulting tcm]>orature rise Ixmig 
measured by the change of rosistan(av Tlu^ 


L 



ITU. 8. 


^Journ (le Fliusiqm, 1910 , [.|.|, ix . ; Sltznvmhn 

1911, 

LtJ, XXX VI. 39 d, 

» Phumk. ZeitMchf., 1909, x. .78(;. 

Sci. Paper Biir. Btdfi., 19 M, No. 231, 
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results of 27 determinations between 15° and 
50° arc represented by the equation 

S = 0-0917 -f 0-0000t8(f — 25)° calorics^o per 

gram degree. 

4-182 joules is taken as equal to one 20° calorie. 

(ii.) Comparison of Data by Various Ob- 
servers. — Har])er ^ has tabulated the data given 
by various observers for the specific heat of 
copper. In order to compare the results at one 
definite temperature the coefficient 0-000044 
has been used in reducing results obtained at 


This coefficient is the mean of those given by 
recent observers employing electric heating and a 
point to point method as shown in Table VII. 

Table VII 


Observer. 

Coefficient. 

Calories per Gram Degrees. 

Gaede .... 

0-000040 

E. H. Griffiths and\ 
Ezer Griffiths J 

0-000044 

Harper .... 

0-000048 


Table VI 

Nernst’s Values at Low Temperatures 


A1 

T. 

32-4° 

' 35-1° 

83° 

8C° 

88-3° 



C/. 

0-25 

0-33 

2-41 j 2-52 

2-G2 



Cu 

T. 

23-5° 

27-7° 

33-4° 

87° 

88° 


c. 

0-22 

0-32 

0-o4 3-33 

3-38 



Zn* 

T. 

40^ 

G0° 

80° 






1 77 

3-15 

4-09 1 




Ag 

T. 

35° 

.39-1° 

44-2° 52-0° 

05° 

77° 

85-3° 


■ 1-58 

1-90 

2-3() 1 2-85 

3-74 

4-07 

4-37 

Pb 

T. 

23° 

28-3° 

37-3° 

80° 





2-90 

3-92 

4-41 

5-69 





* In the ea.so of zinc the actiml (IgurcH are not recorded, and the abov 
llgiires have been obtained from the curves given in the paper. 

tlie various temperatures to the 50° C. value, 
tho formula g = + o.ooo04it 


It will be observed from 
a comparison of the data 
given in Table VIIT. (p. 
42) and shown graphically 
in Fig. 10 that there is 
substantial agreement 
between the results of 
observers using the elec- 
trical method both as re- 
gards the absolute value 
of the specific heat and its 
temperature coefficient. It 
is very improbable that 
there is any systematic 
error common to all since 
the three methods differ 
radically in detail. 

§ (13) Specific Heat 
OF Gases by Electrical 
Methods. — The method 
of electrical heating for 
the determination of the 
specific heat of gases at 
different temperatures has been developed by 
Callendar and his associates. 

Gases present greater practical difficulties 



being assumed as valid for values of t from 
0° to 100°. 

^ Sci. Taper Bur. Stds., 1914, No. 231. 


than either solids or liquids, since it is necessary 
to take great precautions to ensure uniformity 
of temperature in the gas stream 





42 


CALORIMBTRY, ELECTRICAL METHODS OE 


Table VUI 

The Specific Heat of Copper 


Year. 

Wame. 

Temp. 

Result. 

Calc. 
Value 
at 50’. 

1817 

Hulong and Petit 

0-100 

0-300 

0-0949 

0-1013 

0094g 

1819 

!! ” 

6-10 

0-0949 

0-097 

1831 

Potter 

(50°) 

0-096 

0-10 

1834 

Hermann 

20° 

0-0961 

0-0974 

1840 

Regnault 

15-100 

0-09515 

j 

0-0948 \ 

1843 


“ Room” 

0-0886 

0-09 j 

1856 

Bede 

15-100 

0-09331 

0-093o 1 



lG-172 

0-09483 




17-247 

0-09680 

-• j 

1864 

Kopp 

- 20-50 

0-0930 

0-094 

1881 

Lorenz 

0° 

0-08988 




50° 

0-09169 

O-OOl, 



75° 

0-09319 


1884 

Tomlinaon 

(50°) 

0-09332 

0093 -| 

1887 

Naccari 

17-99 

0-0937 

0-0934 



17-171 

0-0938 




17-253 

0-095i 




17-321 

0-0957 


1891 

Zakrzewski 

- 100-0 

0-08514 




0-100 

0-09217 

0-092., 

1892 

Sohiiz 

15-100 

0-0931 

0-0928 



-78-15 

0-0903 


1892 

Le Verrier 

0-360 

0-104 

. . 



360-580 

0-125 




580-780 

0-09 

. . 



780-1000 

0-118 

. . 

1893 

Richards and Frazier 

0-1000 



1893 

Voigt 

2MO0 

0-923 

O'Ol, 

1895 

Waterman 

23-100 

0-09471 

0-094o 

1895 

Eartoli and Stracciati 

15-100 

0-0932 

0-092“ 

1898 

Trowbridge 

23-100 

0-0940 

0-0935 


yp 

-1814-11 

0-0868 


1900 

Behn 

-180-18 

0-0796 

.. ( 



-79-18 

0-0883 

■ \ 

1900 

Jaeger and Diesselhorst 

18° 

(0'091o) 

0-092 1 


JJ 

100° 

(0-0922) 

0-090 j 

1900 

Tilden 

15-100 

0-09232 

V 

0-0920 [ 

1902 

Oaede 

16-7° 

1 

1 

0-09108 

( 

0-0925 


„ 

32-7° 

0-09189 

0-092(5 


„ 

47-0° 

0-09244 

0-0926 ^ 


„ 

61-9° 

0-09310 

0-0926 



764° 

0-0034(5 

0-0923 


” 

92-3° 

0-09403 

0-0922 

1903 

Schmitz 

- 190-20 

0-0798 

1 



- 190-0 

0-0793 




20-100 

0-0936 

0-0932 J 

1904 

Glaser | 

30-1005 

0-10884 

■■ { 


Roninrkrt. 


Metliod of cooling. 
Mean of oxptH. ove 


r dill'. t(Mnp. riingt'H. 

Very pure On ; llamineivd l-T) [xm’ 
cent lower ilian Hoft Cu. 

Method of cooling. ( Ilesnltn <!<)nHi( lenxl 
worthless by Regnanlt.) 

Pure copper. KcsiiltH expu'SHi'd within 
|- c.xpcrimontal error by tli<^ formula 

Commercial coppta* wire. 


c=0-09008d-0 0000()48^. 

Bunsen ico caloriinotor. 
Copper vdxo. 

c= 0-0930 -H0-000()3r)r)()^. 


Very pure Cu, drawn. 
Very puro Cu. 


Drawn oop|)er, 0-5 j)er cent Sh and Ag. 
Final rcHiilt of thc^Ho e.N:f)tH. and 
others, not separately i't>portt‘d, 
^ c =0-0913 -( (>-00()0(57()« -- 0-(),,r)H3/“. 

I" Very iniro co])por. Method (in priueiph- 
a method of cooling) not suKed i.o 
accurate moaHurements for good con- 
ductors. K(i.suItH conMidered of no 
value by Jaeger and l)ieHH('lhoi’Hli. 
*uro Cu. ICxpts. showing phosphor 
raises and tin lowers sp. Id', of ( !ii. 
'cry puro c()})per. Mlec(tri<^ In'ating, 
point to point metliod. 

Results combined in fonnnlas 

=0-09111 +0-000(r)002(/. 17)- 
o-o^irmn-nf witidn =ho-o45 
per cent. 

=0-09122r,4-0-0000384(/.]7) with- 
in ±0-09 per cent, 
bs, 17° calorie, hydrogen scale. 

,Very puro copper. 17-5° calorie, 
hydrogen scale. 

hire copper. Procedure hiicIi tliat 
error of 10 per cent (piite probabh*. 
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Table VIII — continued 


Year. 




Calc. 


Name. 

Temp. 

Result, 

Value 
at 50". 

Remarks. 


1910 

Magnus 

15-100 

0*0933 

0*093o 




15-238 

0*09510 




,, 

15-338 

0*09575 



1910 

Richards and Jaokaon 

- 190-20 

0*0789 


20 ° calorie, hydrogen scale. 

1910 

Scliimpff 

-190-17 

0*0786 



Copper 99*91 per cent pure. Results 



- 79-17 

00880 



" expressed in formula 0 = 0*091996-1- 



17-100 

0*0925 

0*092 


0 •0000457090(i- 17 ) - 

1010 

JN crust, Koref, Lindomann 

2-22 

0*09155 

0*0932 

Calorie equal to 4*188 joules. 

1911 

Koref 

- 190-83 

0*0720 


^ Commercial dra'wn copper. Calorie 



-77-0 

0-0876 


f equal to 4*188 joules. 

1011 

Nomst and Lindomann 

-233° 

0 * 012 i 



Calorie equal to 4*188 joules. 


» *> 

-213° 

0*0294 




,, ,, 

-193° 

OO 4 O 5 




,, ,, 

-173° 

0059o 



1911 

Nernst 

-249*0° 

0*0035 


1 



„ 

-245*4° 

0*0051 



(Assuming ice-point=273*l° K.) 


99 

-239*7° 

0*0084 



^Electrolytic copper. In terms of a 


99 

-1SG*1° 

0*052 



caloric equal to 4*188 joules. 



-185*1° 

0*053 



1913 

Griiliths and Griffiths 

0 ° 

0*09088 

0*0931 

. 

1 

Very pure electrolytic copper. Electric 


>> V 

28*4° 

0*09230 

0*0932 


heating, point to point method. 


99 99 

67*3° 

0*09387 

0*0931 


Results expressed by formula 


99 99 

97*4° 

0*09521 

0*0931 1 

J 

c = 0*09088 (l-f-0*0005341«- 0*0648i*^). 

1914 

Harper 

15-50 


0*0929 ! 

! 


r Results expressed by formula 
c=0*0917 +0*000048 {t-25). 


The units in terms of which the above results are expressed are not all the same, but the differences need not 
be taken into account in making comparisons. In every case the difference between the unit employed and 
the 15" calorie or the 20" caloric (which differ from each other by about one part in a thousand) is less than the 
l)robablc experimental error. 


Callondar and Swann ^ ap])liGd the continu- 
ous flow method to the determination of the 
specific heats of air and carbon dioxide at 
atmosphere pressure at 20° C. . 


and 100° C. 


1 

A 

Up 

9j\L yn 

h 

jj- 





/jTfTI 





(i.) The Ag)paratus . — In these 

d 




oxpcrinienis a steady stream 





of gas was passed through a 





ja(!ki^to(l tube (the calorimeter 



“ 


propcu'), in which it was heated 





by a ciiriTuit of electricity jiass- 


I 

; p 


iiig through a ])latinuin coil of 


J 

d 


1 ohm resistance, the rise in 




temperature being measured by 

r 


m 

two 12-ohm i)laiinum thermo- 



3 


moters used differentially. 




- 

The calorimeter is ropro- 






Honted (liagraminaiically in 
l^icf. n, the hoaiing coil and 
platinum tlnu'inoniotors being situated in the 
tu be AB, which is jacketed hy the tube X The 
tube formed the heater in which the gas 
attaincid the desired tomporaturo, and being 
double- walled could bo stoam-heated orwater- 

" VhH. Trans. A, 1010, ccx. 190. 


cooled. This tube was packed with tightly 
fitting discs of copper gauze. The gas under 
test entered at rn, was heated up to the required 
temperature and entered the space round the 



A, Teopiece open to atmosphere through constricted 
opening to allow excess of gas to escape ; BB, towers 
containing solid KOH and CaCL ; C, cotton wool dust 
inter ; I>, automatic pressure regulator : E, throttle ; 
F, tube packed with gauze to bring gas to the desired 
temperature ; G, fine metal tubes for measurement of 
How ; M, oil gauge. 

calorimeter proper. It next passed through 
the tube n, into the calorimeter, and finally 
emerged hy the tube p. 

The general arrangement of the apparatus 
wiU be understood from Fig. 12. 
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(ii.) Theory of Method . — If 0 is the electric current, 
E the potential difference between the ends of tlic 
heating coil, Bd the rise in temperature of the gas, Q 
the rate of flow of the gas in grammes per second, J 
'the mechanical equivalent of heat, and S the specific 
heat of the gas at constant pressure, the elementary 
theory of the experiment gives 

CE=JSQo^+;i5^?, 

where hBd is a term representing the heat loss by 
radiation, etc. 

A similar experiment with a rate of flow about 
half the above value, and with the electric current 
adjusted so that the rise in temperature was about 
the same as before, gave a second equation, so 
that h could be eliminated and S determined. 

The largest currents of gas through the apparatus 
were of the order of 0-5 Litre per second. The rate of 
flow was kept constant by an automatic pressure 
regulator. It was measured by passing the gas 
through 16 fine metal tubes arranged in parallel, 
and observing the pressure difference between their 
ends, the mean pressure, and the temperature. The 
expression giving the rate of flow in terms of these 
quantities was found by a series of experiments in 
which the gas was pumped into a reservoir of about 
50 litres capacity, and then allowed to discharge 
through the apparatus. By means of a special 
device, the times taken for certain quantities of gas 
to pass through the apparatus were recorded auto- 
matically while the gas was actually flowing, so that 
the initial fluctuations were avoided. 

The value of the electric current was obtained by 
measuring the potential difference set up at between 
the ends of a standard resistance coil in terms of 
cadmium cells. The heating effects of the leads of 
the heating coil were determined by experiments 
made under the exact conditions of the main experi- 
ments. ^ 

The rise in temperature in the mam experiments 
was about 5°,0rrand it was measured to 0-001® C. 
Thus the specific heats were measured practically 
at single temperatures instead of over large ranges. 

The validity of assuming the heat loss for a given 
rise in temperature to be independent of the rate of 
flow of the gas was tested by experiment. The 
matter was also examined from a theoretical stand- 
point, and corrections were calculated and applied 
where the assumptions made in the elementary 
theory were such as to lead to errors of more than 
about one part in 10,000. The corrections were 
small, only amounting to one or twm parts in 1000. 

Full details of various other precautions are 
given in the original paper, and the mean of a 
large number of observations gave the follow- 
ing results : 

Air 

0-24173 cal. per gram degree at 20° C. 

0-24301 „ „ „ 100° a 

Carbon Dioxide 

0-20202 cal. per gram degree at 20° C. 

0-22121 „ „ „ 100° a 

The several determinations agree in each 
case to about 1-5 parts per 1000, and the mean 
results are probably correct to one part in 1000. 
The values of the specific heats obtained 


are greater by about 2 per eeiii than 
eorresponding values found by Regnault and 
by later investigators who bav(' ern})l()yed 
methods sbnilar in principle to that of Re- 
gnault, but it has innv been cstablislied Unit 
Regnault’s method gives values whieli are low 
by about this amount. 

§ (14) SrEomo Heat oe Stmam'. — iJrink- 
worth ^ developed the same metbod for tlu^ 
determination of the specific heat of steam 
at atmospheric pressure between KbR V. and 
115° a 

(i.) Outline of the Method . — Steam is geiuu-- 
ated in a boiler and thence led to one limb of a 


U-tube pressure regulator. The pressure of 
the steam forces the mercury down in this limb 
of the U"tube and up in the otlun* limb in 


which the adjustment of tlie 
sup]>ly of gas to the large ring 
burner, used for heaitJng tlu^ 
water in the boiler, is made. 
After passing tlio regulator tlu^ 
steam, now maintained at a 


ijj Gauze Discs "Ite 


N Pig. 13. 


dx, di, and r? 3 , drains for comUnised water. 


constant pressure, is led between the walls of 
the jacket surrounding the calorimeter ])roptM*, 
thence through a separator and a throtth^ into 
the space enclosed by the double-walled ja,ek(d<, 
whence it passes down the calorimeter llow- 
tube to a condonsor. During the passages of 
the steam through the flow-tube it is hoat.(Hl by 
means of an electric current L)asHing through a 
ifiatinum heating coil, and its tomperai-urt^ is 
measured on a platinum resistancio iluu’mo- 
meter. Another tomx)oraturo mcasununent is 
made when the supply of electrical eiuu’gy is 
cut off, and the difioronco botwecui tlu^sc^ two 
temperatures gives the rise in tomj)oratur(^ of 
the steam. 

(ii.) Calorimetric Arrawjenionl'i (Dig. l:j),»- - 
The calorimeter proper consisted of a glass tube 
Y, about 50 cm. long, in which th<i boating (‘.oil 
0 and the thermometer N wore fixed, ^This 
tube was jacketed by another glass tube S, 
which enclosed the length occupied by tlie 
heating coil and thormometor. 

The calorimeter flow-tube and its surround- 
ing glass sheath were carxiod on a Hj)lit rublxu’ 
cork wound with omega tape and fixed, making 
a steam-tight joint, into a space cnelosod by a 
double-walled brass jacket. ':rho lower part 
^ Dhil. Tram. A, 1915, cexv. 383. 
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of this jacket communicates with a double- 
walled side tube and the steam entering at E 
])aHses between the jacket walls to F, which 
communicates with the steam separator G. 
It then enters the inner portion of the side 
tul)o through the throttle T. This tube is 
tightly i)ackcd with gauze discs ; thence the 
steam passes up the tube S into the top of the 
flow- tube at R, and descending x^ast the heating 
coil C and the thermometer N flows away into 
the condenser at L. 

On its passage through the tightly packed 
gauze discs in the side-heating tube the steam 
was heated ux) to the temperature of the jacket. 

Ill Fig. 13, wliicli represents diagrammatically the 
arrangoniciit thus described, it will bo noticed that 
the cylindrical space inside the double walls of tlie 
main jacket is divided into two compartments by a 
disc K. This disc of brass was soldered to the 
inner jacket tube about 5 cm. from the upper end. 
Its function is to prevent the steam in the tube vS 
from impinging on the rubber cork closing the upper 
end of the tube, and thus being cooled. 

Any slight cooling due to the steam striking the 
lower s])lit cork is of no importance, since the steam 
would bo wanned again during its passage up between 
the How tube and the surrounding jacket. The whole 
of the jacket, the separator, and the connecting 
iaib(‘s were heavily lagged with felt. A novel feature 
of the apparatus is the “ spiral ” method of mixing the 
steam, in wliich use is made of a number of circular 
discs punched to lit the thcrnioinotor tube and then 
cut along a diameter, bent, and soldered together to 
form a continuous spiral 
round the thermometer 
(see Fig. 14). This 
method of mixing is 
found to be a great 
improvement on the 
gaii'ze method previ- 
ously employed. 

The ustial equation 
f('>r the continuous 
flow method is 

w'hcro EG is the elec- 
trical energy sup- 
X)lic(I, S the required 
specilic heat if ex- 
pressed in joules x)er 
gram C., the rate 
of How of the steam, 
do the rise of tom- 
X)oraturo of the 
steam, and IidO is a 
tci-m r(‘ presenting the 
beat loss. If this loss is iiuloi)eiulent of the 
flow, then a linear relationship exists between 
the values of FG/hV/^-' l/G. This is 

found not to b(^ sti-ietly the case, and another 
term (lepcndiug on the How is inserted 
in the fundamental ctpiation wliich thereby 
becomes: yA]'V>il(U)V{h-\-klQ)dO. By the 

employment of throe rates of flow, ad- 


justing E in each case so that dd remains 
the same, Ji and h can be eliminated and S 
measured. 

The value obtained for the sx^ecific beat was 
0-4856 cal. per gram degree at 104-5° C. and 760 
mm. x'^i'esBure ; then, assuming 
a linear variation with temx^era- 
ture as experimentally deter- 
mined, this corresponds to a 
value 0-4878 at 100°, both ex- 
X^ressed in terms of the calorie 
at 20" C. 


(iii.) Effect of Impurities in the 
Steam . — Steam in the immediate 
neighbourhood of the saturation 
point is liable to carry small particles 
of water in suspension, wliich can- 
not be evaporated completely by a 
moderate degree of superheat if 
any impurities, such as salt in 
solution, arc present. Since 1 mg. 
of water requires more than half 
a caloric to evaporate it, and the 
heat required to raise the tem- 
Xicraturo of 1 gram of steam 10° C. 
is only 5 calories, it is necessary 
that the initial steam should not 
contain more than 1 in 100,000 of 
water if the specific heat is to be 
found correct to 1 in 1000 over a 
range of 10° C. 

The rise of the boiling-point B 
produced by x gram-molecules of 
salt per gram of water is approxi- 
mately 1000 j;° C. The proportion 
of suspended water remaining uii- 
evaporated at any degree of super- 
heat B' w^ill be lOOOxjB'. The 
quantity evaporated in heating 
the steam from 6' to 6" will be 
I000x{d" - 6') IB' 6", This will pro- 
duce an apparent increase of 
the mean specific heat of the 
steam over the range 6"~d' equi- 
valent to lOOOLa:/l9'0", where L 
is the latent heat of evapora- 
tion. It was found that this extremely simple and 
convenient reduction formula fitted the results 
obtained over diiferent ranges of temperature with 
extraordinary precision, and reconciled -apparent 
discrepancieH which had previously been attributed 
to errors of observation. 

§ (15) Determination oe the Specific 
Heat of Air and other Gases at Room 
AND Low* Temperatures by the Continu- 
ous Flow Electrical Method. — Scheel and 
Heuso ^ have determined the sxiccific heat of 
air and other gases at -1-20°, - 78°, and - 183° 
by the continuous flow method. The air was 
di rooted in a steady stream through a pipe in 
which it received a known amount of heat by 
means of a heating coil. 

Fig. 15 shows the glass calorimeter in the 
form in which Scheel and Heuse used it. The 
‘ * Ann. d. Phys., 1912, xxxvii. 79. " 
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gas, which, is brought to a steady temperature, 
enters the calorimeter from below and flows 
through a spiral, then through two glass jackets 
C and B, and finally reaches the inner tube A 
which contains the heating 
coil. The temperatures of 
the in- and outflo’tting gases 
are determined by the I'e- 
sistance thermometers Pj 
and Po. The whole is sur- 
rounded by a vacuum and 
a glass jacket silvered inside 
and is contained in a bath 
at constant temperature. 
As the air at first flows 
through the jackets C and 
B before it reaches the real 
calorimeter, it absorbs the 
greater part of the heat 
given off to the inner vacuum 
according to the principle of 
counter current and thus 
assists the insulating action 
of the jacket. This greatly 
reduces the loss of heat, 
but does not entirely pre- 
vent it. The temperature of the outflo\\dng 
gas is measured in the transverse section M. 

The heating coil is shown in Fig. 16 and 
consists of constantan wire K and is woimd in 
two sections on a glass pipe. 


In order to diKiributc tho heat (Mpially^ tlio wiivh 
are bound together and wound round tlio lino copj)er 
gauze aa far as HpRpCC permit h. ^Ihe wire c'oilw arc 
supported above and below by perforati'd ivory 
strips Ex and E^. Tu order to mix tho gun thoroughly, 
the packing of coi>p(‘r wire gauze (<2 ih iiilroducu'd 
above the coil, which in its tiurn is iastened with an 
ivory strip E^. The wires wliicli conduct lihc cnrr’c'nt 
to tho heating coil are led up through the inner glass 
tube and connected above Eg with the wires to the 
source of tho current and to tho voltmeter. iJui 
heating coil and apparatus for mixing are eontaiiK'd 
in a brass pipe Mi which fits into a scooiid brass 
pipe Mg. Mg is fastened with sealing-wax into an 
annular groove on tho inner pipe A. 

When working at room tempera turo the 
calorimeter was placed in a largo water bath 
well stirred. At low tomjicratairc, on tho ofber 
hand, it was placed in a vacuum voshoI wJiioh 
contained a mixture of C'Og snow and alcoliol, 
or liquid oxygen. In each case tho gas, Ixdorc' 
entering the calorimeter, passed through a [)i|)o 
which was contained in tho same hath as 1110 
calorimeter. 

The same investigators,'^ when studying 
helium and some other rare gases to low iom- 
peratures, modified tlio ajiparatus so as In 
employ a closed circuit. 

The results they obtained am suminariscHl 
in Table IX. They also calculated out tho 
corresponding values for the ideal gas Htato; 

1 Ami. il. Ph!/s., 1013, xl. 473. 
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Table IX 


1 Cp in Watt- 

in Gram 


j 

\ 



Temperature. - Secs, per Gram 
j Degree. j 

Cal. at 15® per 
Gram Degree. 

C;,. 

Cv. 

CpO. 

Olio. 

h 


Heltotm 


5-278 

1-26, 

4-993 

3-008 

4*993 

3-008 

1*000 

,I *000 

5-22 

1 1-245 

4-934 

2-949 

4*934 

2*940 

1*073 

1*073 


Hy'drogen 


+ i« 

14-26 

3-403 

6-860 

4-875 

0-800 

4-875 

1*407 

- 76 

13-23 

3*157 

G-365 

4-379 

0-364 

4-370 

1 *453 

-181 

11-08 

2-644 

5-330 

3-338 

5-320 

3-335 

1*507 


Nitkogbn 


1-044 

0-2493 

6-983 

4-989 

G-9(>9 

4-984 

1-400 

1*308 

1-071 

0-255e 

7-162 

4-879 

G-718 

4-733 

1*408 

1*410 


’ Oxygen 


+ 20 

0-914 

0*218, 

6-983 

4-980 

6-97o 

4-985 

l-3i)0 

- 76 

0-898 

0*214 

6-86 

4*84 

C-81 

4-83 

1*410 

-181 1 

0*956 

0-228 

7-30 

5*04 

C-90 1 

4-91 

1*447 


Air (free from COg) 


+ 20 

1-008 

0-2408 

6-965 

4*972 

6-953 

4-908 

1-401 

- 76 

1*018 

0-243o 

7-04 

5*02 

6-99 

5-01 

1-401 

-ISl 

1 1*046 

0-2498 1 

7-23 

4-99 

6-85 

4-80 

1-450 


Carbon Monoxide 


1-048 

0-250o 

7-OOG 

5-011 

0-991 

5-OOG 

1*398 

1-084 

0-258, 

7-244 

1 

1 4-922 

0-743 

4-758 

1-472 


IBOH 

MU 

.1'404 


b40() 

1*300 

1*408 


1*300 

1-117 


Where G^o and are calculated values, k and h the ratios Cp/Cv and rospootivoly. 
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these results are inserted for comparison along- 
side the ethers. 

The values at constant volume are obtained 
from the experimental numbers at constant 
pressure by moans of the expressions deduced 
by a combination of 
the ordinary thermo- 
dynamical equations \ ' 

with D. Bertholot’s 
equation of state. I I 

§ (IG) Variation or | * 

THE SrECiFio Heat or 

Air AViTii; Pressure F 

OVER THE RaNOE 1 TO l l 

1200 Atmospheres. — Q 1 ^ 

In 1914 Hoi born and Turbine Pump IS ^ 

Jacob ^ made a new T[ 

series of measurements JJJJ 

of the spociHc heat of ^ 4 

air high ijressurcs by an for oii circulation / 

electrical method. The y y/ 

calorimeter em])loyod is I 

shown in Fiej. 17. The V 

castings used in this n 

construction were made I f 

of nickel steel of high |l 

tensile strength. The | 

air enters the calori- d I | 

meter at the bottom ^ 

through a small s])hcrical k 

piece r-i and leaves at 
the top through a similar 

arrangement c^. Be- pH . 

tween those two points l&HiM 

there is a nicdcol steel I 

])ipo Cg with semicircular I jpfc 

cuds C 3 ‘and into 
which the wide })ipes 

and C 7 lead for the Cm 

entrance and exit of the ^ 

current of air. Con- 

luuhions between the ^ 

various j[)ipes are made 
by flangcH iitted with 
packing rings. 

A heating coil <fi 
through which the air 

(lows is enclosed within fT^^c 

tlio pipe Ojj ; from hero 
tlu^ air passed through 

th(^ annular spaces and PtT-' 

Zo, its direction being 
changed tvvie.cs before it 
leaves tiu’) cialori motor, 
spjuies /j and L 

aro enclosed within three nickel walls. The 
direction of the air current is indicated hy the 
arrows in the figure. 

JMio outer spaf^c f)f tlu'i calorimeter is also divided 
into two (iyllndc-rs and Og, tlirough which oil from 
th(^ Hinall turhine r in driven in the direction of the 

^ Zeitschr. Vereinea Deidsrh. Jng.f 1914, Ivili, 1429. 


arrows. The oil can be heated when desired by 
means of the resistance coil eZ is a steam jacket 
surrounding the calorimeter and the exit pipe, 
lea\ung the entrance pipe quite free. This latter 
pipe is protected against heat loss by a ^Tapping 


Lead to heating coil 


Annular space through 
which oil IS circulated 


Tubes 9 , eicctrTcally heated 
' through ivhich gas flows 


Air stream shown thus 
Oil _ , 


Leads to Heating Coil 
^ passing through Insulating Bubhes 


of twisted silk and from the action of the incoming 
air hy a glass pipe inserted in it. The heater 
consists of a group of 60 split nickel tubes about 
4 mm. inner diameter and 4-5 outer diameter. Those 
arc fastened to two porcelain plates and are held 
together, one behind the other, by clips. The air 
passes through and around the tubes; current is 
supplied to tliis heater by wires insulated with glass 
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beads. In the diagram the black part represents 
metal and the shaded parts insulating material. 

The results at a temi^eratiire of 59° are 
represented by the empirical formula 

10K'p = 2413 + 2*86^ + 0*0005^2 _ o-OOOOl^^ 

where p is the pressure in atmospheres. 

The value 0’2413 obtained for the specific 
heat at 59° and one atmosphere pressure 
agrees very satisfactorily with those obtained 
by Swan (-24:12 at 20°) and Seheel and Reuse 
(-2409). It of course differs from Regnault’s 
value, which is now known to he low. 

The following table gives the values obtained 
for the specific heat at a temperature of 59° C. 
and for various pressures measured in kilo- 
gram per sc[. cm. : 

Table X 


p. 

Holbom and Jakob. 

Lussana. 

Joule and 
Thomson. 

Vogel. 

Xoell. 

0 

(Obs.) 

(Calc.) 

-2413 





1 

-2416 

•241G 

•2370 




25 

-2490 

•2485 

•2711 

•2481 

•2480 

•2493 

60 

-2554 

•2550 

•3001 

•2557 

•2543 

•2508 

100 

•2090 

•2694 

•3075 I 

•2721 

•2004 

•2701 

150 

-2821 

■2819 

•4198 

•2919 

•2770 

•2812 

200 

•2925 

•2925 


•3150 

•2853 

•2893 


Tor comparison purposes the results of 
Lnssana and the values calculated from the 
throttlmg experiments of Joule and Thomson, 
Vogel (1911), and Noell (1913) are inserted. 
These were obtained from Linde’s formula 

do\ 

“jrj’ 


Ch = C, 1 


metric thermometers have Ixh'ii so highly 
developed that the ineasurenu'iii of sinall 
teinperaturo cliangos pr(%soii(s no serious 
difficulty, and the icehinkiue of temperature 
control of the jacket has been greatly lacili- 
tated by the use of electrical heating, so tluit 
the inherent diilieiilties associated witli lli<^ 
method of calorimetry now under eonsidcM-a- 
tion more than countorbalanco tlu^ adva,utag<‘s 
it offers : consequently, it is very little used 
at the present day. 

The Bunsen ice calorimeter and the doly 
steam calorimeter are classical examples of 
this method of calorimetry. 

Dewar has applied the same ])riiici[)le 
to specific heat determinations at veuy 
low temperatures, and obtained data con- 
cerning the mean s})ecilic lu^at of mafiM-ials 
between liquid hydrog('n and 
liquid iritrogen tern pe rat ur(ss. 

§ (2) Bunsmn’s loH (bvnoiu- 
METER. — In tins insti’umeiit tin* 
heat given out by a body in cool- 
ing from some higher temixM’a- 
turo to 0° 0. is obtained by 
observing the contraction which 
I takes place in the ehauge from 
ice to water ]n‘odueod by tlu^ 
heat given by the body. 

The o])sorved volume 
is converted into caloric's by 
assuming a value frjr the eonstant of the 
ice calorimeter, ?.e. tlic mass of mercury <lravvn 
into the instrument by the addition of ont^ 
mean calorie of lioat. 

Numerous determinations of this cousiaut 
have been made and the values are Numinarised 
in Table I. 

Table T 


where Cj, is the specific heat at pressure 0 and 
0 the cooling when the pressure is reduced by 
throttling from p to & vanishingly small value. 

E. o. 

CALORniETRY, METHODS BASED ON 
THE CHANGE OE STATE 

§ (1) The Method. — In this class of calori- 
metric appliances the quantity of heat to be 
measured is determined in terms of any one 
of the following : (i.) The mass of ice melted; 
(ii.) steam condensed; (iii.) liquid hydrogen 
or oxygen vaporised. 

Such measurements do not require an 
accurate measurement of small temperature 
changes of the calorimetric fluid, and taking 
into consideration the state of thermometry 
half a century ago when this method was 
introduced, this fact was unquestionably of 
real advantage. Further, the temperature of 
the surrounding atmospliere can have but 
little effect upon the indications of the 
calorimeter since the initial and final tempera- 
tures are the same. In recent years calori- 


Authority. 

K in 
Mgms. 

ItthVrenee. 

Bunsen . 
Schuller anti \ 
Wartha . / 

15 >41 

ir>-44 

P/iil Mmj., 1871, .xli. 

Wied. Ami., 1877, ii. 

Than 

15-42 

a/uiDi. lUr., 1877, X. 

Velten 

15-47 

Wivd. Amt., I88-I. xxi. 

Ztikrz:cv.ski 

15-57 

1 Ihdl. CAcml. (U'ucoi'ir, 
i 1891. 

Staub 

15-20 

f Inaug. Diss. Ziineh, 
i 1800. 

Bietcrici . 

15-49 

^'hi/i. 1905, XVI. 

Griffiths (Ezer) 

15-49 

i'Pmc. Phij. Aoc. lAimioii, 

1 1913, .xxvi. 1. 


It might be remarkod that ma,ny of the <iJ)ovo 
values arc based on obHc^rvatioiiH oC JkvU, 

imparted to tho oalorinicter by a small (]uantiiy 
of water contained in an (‘iivclopo wlioHO thennnl 
capacity was oompfirable with that of the eont.aiiKHl 
water. Hince in the majority of easeM no attempt Ims 
been made to vary the ooiiditions and thuM (l('(('(!t 
syalcmatic errors, all the values an* not (‘idithsl t,o 
t]ie.samo weight. For examphs tlu^ figure giv<'U by 
Bunsen is tho mean of two (‘.xporiniontH rep(vit(id 
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undor prcoiHoly similar conditions : the dass envelope 
vv(‘igho(l 0-2 gm., contained 0-,‘j gin. of water, and a 
platinum sinker (weight 0-5 gm.) was also attached. 

Dietcrioi varied the quantity of water from 0-6 
gm. to 2 gm., and consequently his determination 
is entitled to greater weight than the others. 
Griffiths’ value was obtained by supplying a known 
quantity of heat measured as electrical energy. The 
heat was supplied by a manganiii coil wound on a 
mica rack which fitted the interior tube of the 
calorimeter (see Fhj. 2), and the results are based 
on the electrical units of Kl.M. and resistance. The 
conditions were varied. Thus the rate of energy 
supply in the fastest experiments was more than 
seven times that in tho slowest, and the probable 
error by the method of least squares was less than 
0-1 per cent. 

Bunsen omployocl his ioe calorimeter to 
determine the latent of fusion of ice as follows ; 

Known weights of water at a known boiling 
temperature were introduced into the inner 
tu])c of the calorimeter and the contractions 
observed. 

In a separate experiment a known weight 
of ice at 0° 0. was contained in a bulb, the 
rest of the apace being filled with mercury. 
The ice was melted to water, tho temperature 
being maintained at 0® C. Mercury was drawn 
into tho bulb to occupy the space left by the 
ice in melting, and from the additional weight 
of mercury the contraction was obtained. 
Ho found that the melting of 1 gram of ico 
caused a contraction of 0*0907 c.o. 

From tho results of the two sets of experi- 
ments he calculated the latent heat of water 
to be 80*025 calories, which is 0*3 per cent 
higher than the value obtained in recent 
direct determinations. 

Tho method is not a good one for determin- 
ing the latent heat of water, since the calcula- 
tions depend on the difference of the specific 
volumes of ico and water. 

§ (3) Bunsen’s Calorimeter and its 
M onrEiCATiONS. {i.) Descrii^tmi. — A cylin- 
drical test-tube A is fused into a larger glass 
bulb B, as shown in Fig. 1. The bulb B is 
furnished with a glass stem CD, which termin- 
ates in an iron collar D. This stem is filled 
with pure boiled mercury, which occupies 
the bulb to the level /y. The remainder of 
tho l)ulb above is filled with pure boiled 
water. A calibrated narrow glass tube S, 
furnished with a niillimctro scale, is fitted 
into a cork with fine sealing-wax, and then 
passed through tho mercury in tho collar D, 
and made fast in tlio mouth of tho tube CD, 
so that it becomes filled with mercury ; and 
by adjusting tho cork in the mouth of the 
tube CD tho extremity of the mercury column 
in tho scale tube S can bo placed at any 
convenient point. By methods, which are 
described in most text-books on practical 
pliysics, a mantle of ice is formed around the 
lower part of tho tube A. 

VOD. i 


(ii.) Precautions in Use . — In the original 
manner of performing the experiment the 
instrument, as described above, was placed 
in a vessel containing pounded ice or snow, the 
top of the tube A and the tube S alone project- 
ing above the ice. It is, however, generally 
found that there is always a small difference 
in the freezing-point of the ice in the instru- 
ment and that of the ice outside. If the 
temperature of the outside ice is higher, then 
there will be a slow melting of the ice in the 
instrument, which will cause a continuous 
creep of the mercury meniscus towards the 
instrument. If the freezing-point of the 
ice outside is lower than that of the ice in 
the instrument, then there will be a slow 
freezing of the water, causing the meniscus 
to creep away from the bulb. This creep 
generally 
amounts to 

2 or 3 centimetres per 
hour, and is sufficient to 
make it very difficult 
to obtain trustworthy 
measurements. A slight 
addition to the instru- 
ment will almost elimin- 
ate the creep, reducing 
it to about a tenth its 
normal value. This ad- 
dition, suggested by Boys, 
consists in placing the 
instrument in an empty 
vessel, the top of which 
is closed by a cork through 
which the tubes A and S 
pass. This vessel is sur- 
rounded by the pounded 
ice. Owing to air being 
a bad thermal conductor, 
heat can now only very 
slowly j)ass between the instrument and the 
surrounding ice. Another method of securing 
the same conditions has been employed by 
Callendar, who constructed the bulb B in 
the form of a vacuum vessel. The vacuum 
being a worse conductor of heat than air, the 
passage of heat from the surrounding ice to 
the instrument is in this way reduced yet more. 
When this device is used, the process of cool- 
ing the instrument dowm to zero will take a 
considerable time, unless a stream of ice- cool 
water is passed through the tube A. 

The writer adopted the plan illustrated in 
Fig. 2, which shows the instrument as set up 
for the determination of the constant of the 
calorimeter by the electrical method. The 
calorimeter is suspended within a transparent 
cylindrical vacuum vessel, the mouth of which 
is closed by a rubber cork as shown. 

(iii.) Variable Density of Ice . — The objection 
most frequently (Quoted against the use of 
the ice calorimeter for work of precision is 

E 



FIG. 1. 
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that the density of ice is not a constant 
q[uantaty. 

The experimental evidence on this point is 
briefly summarised below : 

Nichols ^ reviews the work of previous investi- 
gators on the density of ice and describes his own 
experiments. He concludes that the density of ice 
mantles, determined by weighing in petroleum, is 
0-91615 + 0-00009. This result agrees with the mean 
value deduced from different methods by Pliicker 
and Geissler, Kopp and Bunsen (for a similar variety 
of ice) to four places of decimals. 

His experiments on the causes of the variations 
in density of artificial ice were not completed. The 
method was to freeze the ice mantle around the inner 
tube of a calorimeter by pouring in a mixture of COg 
and ether. The unfrozen water was shaken out as 



Fig. 2. 


completely as possible, and the adhering water 
frozen, the remaining space being then completely 
filled with mercury. The weight of the mercury, 
together with that of the ice, gave the data for the 
computation of the density of the ice mantle. 

Although the results were consistent among them- 
selves the absolute value was subsequently found to 
beerroneous on account of the deformation of the glass 
vessel under the weight of the contained mercury. 

Nichols at first thought the discrepancy — amount- 
ing to 1 per cent— between his value and Bunsen’s 

^ Phys. Rev., 1890, viii. 


was due to the much lowin' tenipcnituro at which ihi'i 
mantle was formed in his own ('xpi'ninentH. lie 
therefore made some dcUn’ininationH with in.'inih'H 
frozen by means of alcoliol at - to - KK’ as nirigi'r- 
ant in the manner devised by Ihinson. Tlu^ tni'a-sniH'- 
ments appeared to indicate that the nuinth's fornu'd 
by the use of alcohol at - 5*-^ to - lO” wen^ less (h'nse 
than those formed by meatis of ('l)jj and ('tJu'r ali 
-70° by at least 1 part in 1000, and furthi'r that oni' 
of the latter mantles decreased in di'iisity l)y lU'ai'ly 
this amount after standing 24 liours in an iev ha.tlu 
The use of CO 2 and ether resulted in a vivy rapid 
formation of ice, and the mantle, when a ei'i'i ain sizi'i 
was reached, invariably became filled with a n(i/Work 
of fine cracks. 

Vincent” later took up the subject, and also in- 
vestigated the coeflicient of cubical expansion of iei^ 
He prepared the ice by means of a free/iiig nu,xture, 
and appears to have obtained a dilh'rt'tdf <I('nsily 
for each sample prepared. Table IL suminjiristss all 
his results : 

Taulk n 


Experiment. 

Density Ice 
at 0". 

Weight nssigmal io 
the Experlmenl.. 

1 

0-91(5335 

3 

2 

0-9154(50 

2 

3 

0-91(5180 

2 


/■0-9ir)54() 

1 

4 

t0-91(5()(50 

2 

Weighted mean 0-9 100 



His values for the coellicient of expansion of tlu^ 
above samples are consistent, and no e.ontu'olion 
between variation in density and e.xj)auHi()n <!au h(' 
traced. Vincent’s mean value for tlio d(‘nsity is 
1 part in 5000 less than tlui mean of tlu^ rt'sults of 
Pliicker and Goissler, Ihmsi'U and Nieliols. 

The experiments of Li^dno in lOOfi suggest one 
cause of the variations in density whieb IhuI Ix'imi 
observed by previous workers. Li'due. tool; extrenio 
precautions to get rid of all traei's of dissolvc'd 
air in the water used for nninufnettuing the ie.o 
samples. He eondonsed the stoani fiom boiling 
water under oil to ol)t,nui air-frei^ water. 

The' results of tlu'sc exi)eriinontH indu'ati'd tha,t 
the density of ice at 0° was not ic'ss than 0-1)1 72. 
and as greater olTorts wore inadi^ (o removi'i (.raei'S 
of gases the values ohialnixl for the di'usity in- 
creased. He conehidod that the (haisily of gas- 
free ico at 0 ° would i>rol)al)ly h(^ 0'9I7(}. 

It is of interest to note tliat Leduo (^onsidiTs tliat 
ice made from water which has Ihhmi nunx^ly boiled, 
as^ in the case of tlio 'Bui\sen ealorhiKter, still con- 
tains about 1 o.cm: of gas per litre at atmosplun'ic 
pressure. 

Another possible cause of the variations in (hMisity 
is the strains sot up in the lee block <m forinathm 
and which disappear in the eoursi^ of time. 

§ (4) JoLY’s Steam (Jaloiitmktkh. (i.) 7'/m 
Method. — In tho steam ealorimoriw doviscHl by 
Joly ^ in 188G tho heat necu^ssary to raiso tlui 
temperature of a body from tho air tcunporaiuii’o 
to 100° is measured by (h^tormining tlu^ W(ught 

^ PhjiH. Rev., 1902, XV. 

Proc. Roy. tioc., 1880, xll. 252. 



CALORIMETRY, METHODS BASED ON THE CHANGE OE STATE 


51 


of steam which must he condensed into water 
at 100° to supply this heat. 

The instrument, especially in its -dijfferential 
form, has been found very useful for s] 3 ecial 
purposes. But the experience of most users 
indicates that the condensation method is 
moro troublesome to use than the method 
of mixtures for the detennination of the 
specific heats of solids and liquids. In the 
hands of Joly, however, the steam calorimeter 
has produced data of fundamental importance 
concerning the specific heat of gases at constant 
volume. 

One disadvantage of the condensation 
method is the fact that less than 2 milligrams 


becomes at once filled vdth saturated vapour. 
Condensation immediately begins on the sub- 
stance and the resulting water is caught in the 
pan, weights being added to the other pan of the 
balance so .as to restore equilibrium. During 
the process of weighing, the steam is passed 
through very slowly (by opening an escape 
tube leading from the boiler) into the calori- 
meter, so as to avoid disturbance of the pan. 

After four or five minutes the substance 
has generally attained the temperature of the 
steam, and the condensation is completed. 
The pan then ceases to increase sensibly in 
weight, and the equilibrium of the balance 
is maintained permanently. A very slow 


Tig. 3. 



of water is doimsited per calorie, and conse- 
quently it necessitates accurate weighing. 

(ii.) The Ap^mratm . — The simplest form of 
July’s api^aratus consists essentially of a 
steam chamber of thin metal in which is 
suspended from the arm of a balance a small 
platiuum pan {Fig, 3), carrying the substance 
under test. 

Steam can bo turned on to this chamber, 
as indicated, and csca])cs through a pipe at the 
base. 

It is essential to arrange the inlet valve so 
that the steam can bo admitted rapidly for 
reasons which arc explained later. 

(iii.) Method of Experimmt — The substance 
is weighed with air in the chamber and the 
temporaturo carefully noted. Steam in the 
meantime is got uj) in the boiler, and is 
suddenly admitted, so that the whole chamber 


increase of three or four milligrammes per 
hour (due to radiation) is, however, noticed. 
Let 9^ be the temperature of the steam and 
L its latent heat. If w is the increase of 
weight the quantity of heat given out by the 
condensation is wL, and this is expended in 
raising the substance and the pan from 6^ to 
^ 2 . If W be the weight of the substance, and 
.!# its specific heat, the heat acquired by the 
substance will be W5(^i> - ^i), and that 
acquired by the supporting pan will be 
^'(^2 ~ where k is the thermal capacity of the 
pan, that is, the quantity of heat necessary 
to raise its temperature 1° C. Hence we have 

W5(<5'2 — dj) -f 9i) — uiL. 

The quantity k is determined by a previous 
observation, and the temperature 9<i is found 
either directly, by a thermometer inserted in 
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the steam-chamber, or by means of Kegnault’s 
tables and a reading of the barometer. 

For extreme accuracy a small correction is still 
necessary. The weight W of the substance is found 
in air at and the weight w is found when the 
substance and pan are in steam at 6^. The weight 
of steam per cubic centimetre at 100° is little more 
than half that of air at ordinary temperatures ; for 
thiR reason the weight w is greater than the weight 
of vapour condensed by excess in weight of a volume 
u of air at over the same volume of steam at 
where v is the volume of substance and pan together. 
The difference of weight of a cubic centimetre of air 
at 15° C. and a cubic centimetre of steam at 100° is 
•000636 gram, according to Regnault; hence the 
correction to be applied to zo is -000636^. 

This correction being applied, the weight of 
water condensed is determined, hut it must be 
remembered that the weighing is made in steam: 
and, if extreme accuracy be desired, it is still 
necessary to multiply by the factor 1*000589, 
in order to reduce the weighing to vacuum. 
The actual weight in a vacuum of the water 
condensed will therefore be 

l*000589(^z;-0*000636z;), 
so that 5 is determined from the equation 
(W5 + k){d^ - e^) = 1*000589(2^ - 0*000636v)L. 

Reference should be made to § (6) of the 
article on ‘‘Latent Heat” for values of L. 

In order to avoid the condensation of steam on the 
suspending wire, where it leaves the steam chamber, 
it passes, not through a small hole in the metal, but 
through a small hole pierced in a plug of plaster of 
Paris- Without the plaster the steam condenses on 
the metal and forms a drop at the aperture through 
which the suspending wire passes, and destroys the 
freedom of motion of the wire and prevents accurate 
weighing. With the plaster of Paris plug no such 
drop collects, and the weighing can be performed 
with accuracy. In his later experiments, Professor 
Joly placed a small spiral of platinum wire around 
the suspending wire just outside the aperture, and 
by passing an electric current through the spiral, 
sufScieut heat is produced to prevent condensation 
on the suspending wire in the neighbourhood of the 
aperture. Besides accuracy in weighing, a point 
of prime importance is the rapid introduction of the 
steam at the beginning of the experiment. When 
the steam first enters the calorimeter, partial con- 
densation occurs by radiation to the cold air and the 
walls of the chamber. Some of the condensed 
globules may fall upon the substance and lead to an 
error in the value of s. If the steam enters slowly 
this error may ho large, and it is therefore important 
to fill the chamber at once with steam. This 
necessitates a good supply of steam and a largo 
delivery tube, but when the chamber is well filled 
with steam a very gentle aftorflow suffices. If the 
steam supply be cut off, the weight of condensed 
vapour slowly diminishes. This arises from the 
distillation over to the colder walls of the chamber, 
and if the steam be again turned on the weight 
increases. 

The error arisiiig from the deposition of coiidcnHcd | 


globules on the pan during the initial stagoH of the 
experiment is somewhat couiiterbalaiicod by radia- 
tion from the steam to the substance. 

§ (5) The Diii-FERENTiAb kSTEAM (Ialoiu- 

METBR FOR, THE DETERMINATION OF SpK(1JFIO 

Heats op Gases at Constant Volume. — In 
the differential ^ form of the (ialori- 

meter the correction for the weight of sksain 
displaced by the pan is eliminated. In tluH 
form (Fiff. 4) two similar pans hang in tho 
steam chamber, one suspended from eatdi 
arm of the balance so as to counterpoises eacdi 
other. The thermal capacity of the isans 
can be made equal, so that tho torm with 
as a coefficient docs not appear in tho equation, 
and the radiation error will also rUsappivir’, 
as it will cause equal condoiiHation on tins 
two pans. 

The chief use of tho din'ereiitial form is, 
however, its application to tho ealorimoiry of 
gases. For this purpose the pans are replnccd 
by two spherical shells of copper, one contain- 
ing the gas at a known temperature and 1-lus 
other empty. The spheres are furnished with 
small pans, or “ catch-waters,” to c.oUoet tins 
water resulting from condcnHaiioii. (5r(Nit(sr 
condensation occurs on the si)hore wliit'.h 
contains the gas, and tho oxcoss givers the 
quantity of heat required to boat the coutaiiUHl 
mass of gas from 0^ to This dotermiin^H 
the specific heat of tho gas at constant volu uhl 
T he great advantage of the differential calori- 
meter is that any source of orroi’ (3f)inmou 
to the two spheres is eliminated, and ilu'i 
gas or other substance oiudosed in otio 
of them merely boars its own shares of (MTor 
and not that also of tlie containing nplnuTL 
Thus tho effect is pracii(‘,ally the sanu^ as if 
the gas were contained in a veastd of /(u’o 
thermal cai)acity in tho single steam ejilori- 
metor form. 

The spheres employed by Jh’olnsHor »)oly 
were of copper and about G-7 (nn. in dianudni*, 
the one containing the gas being madt^ to 
stand a safe working pressure of alxiut 35 or 
40 atmospheres, if at iln^ begiuniug of ilu'* 
experiment this space is filled with ah’ at about 
22 atmospheres at th(3 pressun^ will lisi^ 
to about 30 atmosphoroH at 0^, In om^ ex- 
perimont^ the weight of air (iouiauuxl was 
4*2854 grams. Tho conclcnsation ohsorv<xl. as 
due to tho air was 0*15217 grams. This 
required a correction to comjXiJisatc^ for (die 
difference in weight of tho sphere's. 5'he 
corrected value was 0*11629, the rang(3 t)C 
temperature, ^2 “ 84*52'^ 0. In a 

series of six experiments tho mean preefipita,- 
tion per degree centigrade was 0*01 8004. 

Tho following corrections are also lUMJCSsary : 

(a) Correction for tho thermal oxpaiiHi'on 
of the vessel, and tho consequent work doiui 

J. .roly, Proc. Ro}f. Ror., 1880, xlvil. 218. 

- /Vz'/V. Tram, A, J80I, cJxxxil. 1)8. 
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by the gas in. expanding to this increased 
volume. 

(6) Correction for the dilatation of the 
sphere under the increased pressure of the 
gas as the temperature rises. 

(c) Correction for the thermal effect of 
stretching of the material of the sphere. 
(Wires are generally cooled by sudden exten- 
sion, but the cooling of the copper in this case 
is too small to merit consideration.) 

(d) Correction for displacement or buoyancy 
arising from the increased volume of the 


0-1721. For carbon dioxide, the change vdth 
pressure is shown by the following table : 

Table III 


Pressure in 
Atmospheres, 

Density. 

Cv. 

7-20 

0-011530 

0-16841 

12-20 

0-019950 

0-17054 

16-87 

0-02S498 

0-17141 

20-90 

0-03G529 

0 17305 

21-66 

0-037802 

0-17386 




sphere, both in the air at and in the steam 
at ^ 2 * 

(e) Correction for unequal thermal capacities 
of the 8[)hcros. 

(/) Reduction of the weight of the precipita- 
tion to vacuum. 

Professor doly’s experiments show that in 
the case of air and carbonic acid the specific 
heat increases with the density, but with 
hydrogen the opposite seems to be the case. 

F(jr air the specific heat at constant volume 
at a moan xirossuro of 19-51 atmospheres, and 
a moan density of 0-0205, was found to be 


The mean result of the experiments on 
hydrogen gives a specific heat 2-402. 

§ (6) Dewar’s Liquid Air and Hydrogen 
Calorimeter. — Dewar ^ has devised a calori- 
meter based on an analogous principle to the 
steam calorimeter in which he employs one of 
the liquefied gases as calorimetric substance. 
Whilst Joly’s calorimeter depends upon con- 
densation on a cold object, Dewar’s calori- 
meter depends on the evaporation as a means 
of absorbing heat from the hot object. Instead 

^ Proc. Roy. Soc. A, Ixxvi. 325 ; Roy. Inst. Proc., 
1904, xvii. 581. 
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of weighing the quantity of gas evaporated, he 
determines the volume of gas given off from 
the liquid which, of course, is at its boiling- 
point. Now the choice of liquefied gas to be 
employed as calorimeter substance is deter- 
mined mainly by two considerations : 

(fl) The quantity of gas given off by 
evaporation on the absorption of one calorie 
of heat, and 

(b) The range of temperature available 
through which substance is cooled. 

The table below summarises the data for 
some of the possible gases : 


It will be observed that oxygen gives off 
13*2 c.G. per calorie whilst ethylene gives 
only 7. Hydrogen gives off 88*9 c.c. and is 
particularly advantageous but for the fact 
that the manipulation is difficult. Although 
nitrogen is a little better than oxygen, it is 
preferable to use the latter for the following 
reason. The boiling-point of air is below that 
of oxygen. Even if there is no layer of cold 



oxygen or gas on the surface of the liquid 
oxygen, the air coming in contact with it 
through the neck of the calorimeter would 
still remain gaseous ; but if liquid nitrogen 
is used as calorimetric substance, air, being 
heavier than nitrogen but having a higher 
boiling-point, would, in falling down the neck 
of the calorimeter, come in contact with the 
cold gaseous nitrogen and be condensed. 

§ (7) The Liquid Oxygen Calorimeter. — 
It consists essentially of a large vacuum 
vessel A 5) capable of holding two or 
three litres, into which is inserted the calori- 
meter, a smaller vacuum vessel B of 25 to 


50 c.c. capacity, w’hich has boon Hcalc<l on to 
a long narrow tube G, projecting above's the 
mouth of A, and held in its [)]aco l)y some 
loosely packed cotton-wool. Kroni tlic side^ 
of this narrow tube, cither before or after 
passing out of A, a branch tube E is taken oil 
to enable the volatilised gas from the caloii- 
metor to be collected in the nx'civor F, over 
water, oil, or other suitable liquid. To ilu^ 
extremity of the ])rojocting tube G a small 
test-tube C, to contain the portions of material 
experimented on, is attached by a piece of 
flexible rubber-tubing D, thus forming a 
movable joint, which can bi^ 
bent so as to tilt a few of 
the small pieces of substance 
contained in 0 int.o the calori- 
meter, and wl)i(h afterwards 
assumes a f)osilion of r<'Ht 
somewhat like tliat in the 
diagram. 

With care it is possible to tilt 
a single pic'c.o at a iinic from <• 
into B, but an imi)r()V('d form 
of this receptacle is ‘’hIiowii at 
Oj^Dj. In it, B is a wire inovabU^ 
through the cork Q, fitted into the moutih the 
test-tube attached by a branch through the stiiT 
rubber tube to the cud of G, as before. At 
the end of the wire P is a hook, by whiidi one phv.c 
of the substance at a time can bo pulled up tiiul 
dropped into B. When no other arrangimu'uliH aix' 
made, the portions of matter experimented on an^ 
at the temperature of the room ; but wlu'ii lovv(U’ 
** temperatures are required initially, a vae.uum V('HH('1 
H, containing either solid carbonic acid, li(niid 
ethylene, air, or other gas, can Ini j)lue(Hl so ns l,o 
envelop the test-tubo (• or (ij ; or if liiglu'r l(Mnp('ni- 
tiires are required, the surrounding may bt‘ 

filled with the vapour of watvr or olinT li(|uidH. ’ 

Now, when a quantity of lupud air Jias Ixm'U uiid(T- 
going volatilisation for a tiuK', as the nitrogt'u ('vnpor- 
ates more quickly than the oxygtxi tfu^ boiUng-jxunt 
rises slightly. Two })ointH re(iuii’(' attention in 
consequonco of this: first, the maintenaiUM'i of a 
constant temperature of the lupiid air during any 
one scries of oxjjerimenis ; luvxt, tins pr(W(Xitiou (if 
a tendoiiey for tho calorhruder B to “ suek baek ” 
some of the already volatiliscxl gas. Ib'mx^ f.lu^ 
exterior vessel A should be lillc'd wilb a large* 
quantity— some two litres— of oW li(|uid air, (uxi- 
taining a higli pereontago of oxygtMi, and tk(^ enlori- 
meter itself should be fdled with some of lh(^ mh/ic 
fluid. This will maintain very closcdy t.ln^ ((onst-ant 
temperature ro(|uired. WIu'ii any “ siudung baeh ” 
seems to be taking plae(% the (Xilorinudor shoidd he 
emptied and filled, anew from tlu^ larg('r tlask A. 
The tube between the t‘alorimet(^r and tin* gas nxxuvi'r 
should bo of tho size of widci (|uiU tubing, and il,n 
lower end should be so arrangtxl b('low the surfiuM^ 
of tho liquid in tho c.olhKding vessid as to give no 
resultant pressure. With siudi pnxiaut.iouH, 
may easily bo obtained e.orreot to within 2 p(‘r e<‘nt*. 

The instrument having been set up and tilled 
with liquid air, an exf)oriment is eorulueted 
by tilting up tho little toBt-tul)<\, previounly 


Table IV 


Liquid Gaaes. 

Boiling- 

point. 

Liquid Volume 

1 Gram .'it 
Builing-poinf' 
ill c.c. 

Latent Heat 
ill Grain- 
calorie.s. 

Volume of Oas at 
0° and TfiO miu. 

per Gnuii- 
calorio in c.c. 

Sulphurous acid 

4-10-0° 

0-7 

97-0 

3-6 

Carbonic acid . 

-78-0 

0-C5 (solid) 

142-4 

3-6 

Ethylene . 

-103-0 

I'i „ 

119-0 

7-0 

Oxygen . 

-182-5 

0-9 „ 

53-0 

13-2 

Nitrogen . 

- 195-6 

1-3 „ 

50-0 

15-9 

Hydrogen . 

-252-5 

14-3 „ 

125-0 

88-9 
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cooled or heated, thereby dropping into the 
calorimeter a portion of any substance previ- 
ously weighed. The substance in this way 
falls from the temperature of the room to 
that of liquid air. The heat given up by it 
volatilises some of the liquid, which is carried 
off by the branch tube and measured in the 
graduated receiver F. Immediately preceding 
or following this observation, a similar 
experiment is made with a small portion of 
a selected standard substance, usually lead. 
The quantity of lead is so chosen as to produce 
about the same volume of gas in the receiver 
as that supplied by the portion of substance 
experimented on. By this means the circum- 
stances of the two observations are made as 
similar as possible, and thereby many sources 
of error are eliminated. 

§ (8) Liquid Hydrogen Calorimeter. — 
In 1913 Dewar ^ further developed the 
method so as to adapt it to the range of 
temperature between the boiling-points of 
liquid nitrogen and hydrogen : from - 196° to 
-253° C., a range of only 57°. 

The liquid hydrogen calorimeter is a glass 
cylindrical bulb vacuum vessel A (Fig, 6) of 
50 c.c. capacity, silvered, with J cm. slit. On 
the neck is sealed a glass tube B. This 
projects through the brass coned fitting cap 
F of an ordinary slit silvered vacuum vessel 
in which it is supported. A side delivery 
tube, provided with stopcock D, is sealed 
near the top of B. A short length of rubber 
tubing on the neck of F makes a gas-tight 
joint with B. To minimise splashing, and to 
reduce the impact of the falUng pieces, a thin 
strip of German silver or lead E, bent out 
near the top into a shoulder about 1 cm. 
square, stands centrally in the calorimeter A. 
The strip is cut from a thin tube of about the 
same diameter as the calorimeter neck. A 
short length of the tube is left above the 
• shoulder, and supports the strip by fitting 
loosely into the neck of A. Some such 
device is essential in the use of this form of 
the liquid hydrogen calorimeter. 

The calorimeter in its turn is immersed in 
liquid hydrogen in the supporting vacuum 
vessel C, the neck of the calorimeter being 
8 to 10 cm. below the liquid hydrogen surface. 
The vacuum vessel 0 is only slightly wider 
than tho lower ]:)art of A, and is provided 
with a coned cap h’, whereby it is also 
supported and completely immersed in a 
wider vacuum vossel G containing liquid air. 
G is also fitted with a brass coned cover, 
fitting vacuum-tight on to the cap F on C. 
Both caps are pierced by two thin tubes, one 
for fitting on to the filling syphons, the other, 
bent at right angles, serrtng for connecting to 
tho exhaust in tlic case of the liquid air vessel, 
and in the case of the liquid hydrogen to the 
^ Ptoc. Roy. Soti., L913, Ixxxix. 158. 


stopcock leading the evaporating hydrogen 
through the upper part of the apparatus. 

This arrangement thus charged only needs a little 
liquid air sucked in every one and a half hour. The 
liquid hydrogen vessel will not need replenishing for at 
least four hours. The level of the liquid hydrogen in 
the calorimeter does not fall 1 cm. in six hours with 
constant use. The bulk of the materials added roughly 
compensates for the volume of 
the liquid hydrogen evaporated. 

It is important that this level 
should not materially change, 
since, after striking the shoulder, 
bodies move more slowly, are 
deflected on to the cold w'all, 
and low results 
are obtained due 
to the longer 
cooling of the 
materials in the 
vapour before 
being immersed 
in the liquid 
hydrogen. 



Fig. 6. 


The isolation of the calorimeter was such that less 
than. 10 c.c. of hydrogen gas was evaporated from it 
per minute. The whole apparatus is supported be- 
tween the cork-lined spring jaws mounted on a hea\’y 
metal base on which the outer vacuum vessel rests. 

The cooling vessel H is connected by an 
india-rubber tube to the top of the calorimeter. 
It consists of an ordinary cylindrical silvered 
vacuum vessel, 20 cm. long and 7 cm. wide, 
with a central axial open tube K sealed in 
below. This tube passes through the liquid 
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in tlie vacunm vessel. It has the same 
diameter Tbelo'w as the neck tube of the calori- 
meter. Near the top of the central tube a 
side tube J, of about the same diameter and 
some 3 cm. long, serves for the introduction 
of the weighed pieces of material, which are 
all cooled previously to the temperature of 
hquid air, and then fall on to a thin metal 
disc P fitting loosely the tube K, where they 
remain about 15 minutes. P is supported by 
being hinged to two thin ebonite rods, L and 
M, fixed to a brass fitting cemented on to 
the top. The rod L is not fixed directly to 
the disc but to a metal ring R. From the 
ring R two thin vertical steel wires are 
connected freely to two points on the circum- 
ference of the pan belo'w. This rod and the 
attached ring can be given a vertical motion 
by a crank N in the top fitting, thereby 
tipping the pan and releasing the piece of 
material, which then falls freely down into 
the calorimeter. A high vacuum is maintained 
by a cross-tube S, opening to the annular 
space, filled with charcoal. 

At the temperature of boiling nitrogen, the con- 
vection currents in the central tube of such a vessel, 
when connected to the calorimeter below, have no 
serious effect on the temperature in the tube at a 
reasonable distance from the bottom, provided the 
central tube be not wide. With a larger pattern vessel 
the width of the central tube was increased to 2-2 cm., 
and even here the difference was under 3® at the level 
of the pan. These temperatures were measured by 
a small helium thermometer, consisting of a 4-c.c. 
bulb to which was sealed a small mercury manometer 
of fine capillary tubing. 

The hydrogen evaporating from the liquid in the 
vacuum vessel C,m which the calorimeter is immersed, 
is employed in the interval of observations to main- 
tain a hydrogen atmosphere through the neck of the 
calorimeter and the connected measuring tubes. 
Risk of solid air in the calorimeter neck is thus obvi- 
ated. A simple arrangement of a three-way cooling 
vessel allows this to be manipulated. 

The vessel V consists of a glass tube 8 cm. 
in diameter and 40 cm. long, open at the 
bottom and provided with a wide T-piece at 
the top. The tube is immersed to the neck 
in water in a glass cylinder, and is counter- 
poised by a weight and cord running over a 
pulley just above. It is thereby readily 
raised during the time gas is being evaporated 
from the calorimeter ; this ensures that no 
back pressure is produced. One arm of the 
T-piece is open and comiects to the stopcock 
D on the calorimeter neck ; the other is 
provided with another small stopcock and 
connects to a 200-c.c. gas burette W similarly 
immersed in water. This latter stopcock is 
closed while the gas evaporated during an 
experiment is collected. 

These arrangements are iiecossarj to 'secure the 
minimum impediment to the evaporating hydrogen, 
which is usually evolved in less tlian 10 seconds, any 


temporary back pressure being fatal to concordant 
results. At least IT) scooiids an' allowaal for eolh'idi- 
ing the gas given oil, and ewn loiig('r, in hoiuo oast's, 
■with badly eondiictiiig botlies. 

As far as possible the materials used were east 
in the forms of sj)herca about 8 mm. diauu'ter. 

In tho case of liquid bodies, the mould was 
first cooled by liquid air. Frequently li(|ui(lH 
were frozen into solid cylinders in thin glass 
tubing, and pieces cut olT after reitioving tlu> 
glass mould. Tho metallic materials wcu-o 
in some cases fused into buttons of convenient 
weight in an exhausted quartz tube. The 
lead, however, of which many ifiocos W(n*('i 
required, was cut from rod, and subseffuontly 
squeezed in a small spherical mould. 

Volatile bodies wore weighed at a low 
temperature on a light (forinan silvcu* pan 
supported by a thin platinum wii’o suspenHion 
from the balance pan about 2 cm. a,b()Vo 11 
level of liquid air containocl in a wide (Uu'p 
vacuum vessel. Some materials would not 
make coherent bullets or cast sticks, and tiu'se 
were filled into very thiii-wallcd cylindrii^al 
metal capsules. 

In order to obtain consistent results it is 
necessary to employ exactly flio sanu^ ])ro- 
cedure in each test, but with this apparatus 
Dewar was able to obtain results wliich rarely 
varied among thomsolves by more tlian 2 oj’ 
3 per cent. 

The data thus obtained for the mean HfXHMlic 
heats of 53 elements at about 50" abs. ari^ 
summarised in Table V. 


Taulio V 


Eltiiiunit. 

Aiotiiii' 

Wi'i(tliU 

Hpocllli' 

llciil,. 

A iittiiU* 
lloati, 

Lithium 

7 'Oil 

0-I024 

1 *35 

Glucinum 

l)d 

0-0I37 

0*125 

Boron 

■ n-0 

()-02l2 

0*2*1 

Carbon (Acliosou graphit.(‘) 

12*0 

0*0137 

0*1<1 

Diamond 

12*0 

0*0028 

0*03 

Sodium 

23-0 

0*1510 

3*50 

Magnosium .... 

2-1 d- 

0*0713 

1*7*1 

Aluminium .... 

27-1 

0*0*113 

M2 

Silicon, fused; el(‘o. cruo. 

284 

0*0303 

O’HO 

„ crystallised . 

284 

0*0271 

0*77 

Phosphorus (yellow) . 

31-0 

0*0774 

2**I0 

(red) . . 

3h0 

0*0.|31 

1 *3*1 

Sulphur ..... 

32 

0*05*10 

1*75 

Chlorino 

3545 

0*0007 

3**t3 

Potassium .... 

30*15 

0*1280 

5*01 

Calcium 

404 

0*071*1 

2*H0 

Titanium 

48*1 

0*0205 

0*00 

Chromium .... 

52*1 

()*0;i42 

0*70 

Manganese .... 

55 

0-0220 

1 *20 

Iron . ' 

55*0 

0*0175 

0*08 

Nickel 

58*7 

0*0208 

1 *22 

Cobalt 

50*0 

0*0207 

I *22 

Copper 

03*0 

0*0245 

1 *50 

Zinc 

05*4 

0*038-f 

2*52 

Arsenic 

75-0 

0*0258 

1 *0‘t 

Scloninm 

70*2 

0*0301 

2*80 
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Table V — continued 


Jilemeut. 

Atomic 

Specific 

Heat. 

Atomic 

Heat- 

Bromino . 



79-90 

0-0453 

3 -62 

Rubidium 



85-1 

0-0711 

6-05 

Strontium, impure 



87-6 

0-0550 

4-82 

Zirconium 



90-G 

0-0262 

2-38 

Molybdenum . 



90-0 

0-0141 

1-36 

Ruthenium 



101-7 

0-0109 

1-11 

Rhodium . 



103-0 

0-0134 

1-38 

Palladium 



100-5 

0-0190 

2-03 

Silver .... 



107-93 

0-0242 

2-62 

Cadmium . 



112-4 

0-0308 

3-46 

Tin .... 



119 

0-0286 

3-41 

Antimony 



120-2 

0-0240 

2-89 

Iodine 



120-97 

0-0361 

4-59 

Tellurium . 



127-6 

0-0288 

3-68 

Caesium . 



132-9 

0-0513 

6-82 

Barium, impure . 



137-4 

0-0350 

4-80 

Lanthanum . 



138-9 

0-0322 

4-60 

Cerium 



140-25 

0-0330 

4-64 

“ Didymium ” 



142 

0-0326 

4-63 

Tungsten . 



184 

0-0095 

1-75 

O.smium . 



191-0 

0-0078 

1-49 

Iridium 



193-0 

0-0099 

1-92 

Platinum . 



194-8 

0-0135 

2-63 

Gold .... 



197-2 

0-0160 

3-16 

Mercury . 



200 

0-0232 

4-65 

Thallium . . . 



204-1 

0-0235 

4-80 

Load .... 



207 

0-0240 

4-96 

Bismuth . 



208 

0-0218 

4-54 

Thorium . 



232-5 

0-0197 

4-68 

Uranium . 



238-5 

0-0138 

3*30 


The intorosting fact diacovered ia the 
course of this investigation was that the atomic 
heats wore periodic functions of the atomic 
weight, and the curve resembled, generally, 
the well-known Meyer atomic volume for the 
solid state. E. g. 

CALORIMETRY, METHOD OF MIXTURES 

§ (1) Introduction. — Calorimetric apparatus 
assumes the most diverse form, each type char- 
acterised by certain features, which adapts it 
especially for a particular class of measurement. 

For the determination of the mean specific 
heat of a substance over a range of temperature 
or for the determination of the heat of com- 
bustion of a fuel the Method of Mixtures 
is a convenient one to employ and is probably 
the best known of all calorimetric methods. 

§ (2) The Method ot? Mixtures. — The prin- 
ciple of this method is to impart the quantity 
of heat to bo measured to a known mass of 
water contained in a vessel of known thermal 
capacity, and to observe the rise of tempera- 
ture produced ; from which data, as explained 
in detail farther on, the quantity of heat can 
be calculated. This method is the simplest of 
calorimetric methods, but is not the most 
accurate. Heat is lost in transferring the hot 
object to the calorimeter, and although it can 
bo minimised by- arranging that the transfer 


takes place rapidly, it cannot be eliminated or 
even accurately allowed for. Some heat is 
lost when the calorimeter is raised above the 
temperature of its enclosure and before the 
final temperature is reached. This can be 
roughly estimated by observing the rate of 
change of temperature and assuming that the 
heat loss is directly proportional to the 
duration of experiment and to the average 
excess of temperature. The accurate deter- 
mination of this correction is of fundamental 
importance in tliis method and a detailed 
discussion of it will be given. It is aljvays 
desirable to diminish the loss of heat as much 
as possible by polishing the exterior of the 
calorimeter to diminish radiation, and by sus- 
pending it by non-conducting supports inside 
a polished case to protect it from draughts. 
It is also very important to keep the surround- 
ing conditions as constant as possible through- 
out the experiment. This rhay be secured by 
using a large water-bath around the apparatus, 
but in experiments of long duration it is 
advisable to use an accurate temperature 
regulator. The method of lagging the calori- 
meter with cotton-wool, which is often re- 
commended, diminishes the heat loss con- 
siderably but renders it very uncertain, and 
should never be used in work of precision, since 
the bad conductors take so long to reach a 
steady state that the rate of loss depends on 
the past history more than on the temperature 
of the calorimeter at the moment. A more 
serious objection to the use of lagging of this 
kind is the danger of its absorbing moisture. 
The least trace of moisture in the lagging may 
produce serious loss of heat by evaporation. 

Regnault about 1840 made a careful study 
of the Method of Mixtures, and by skill and 
attention to detail he obtained by means of 
it a valuable series of thermal data. It is 
only within comparatively recent years that 
any material improvements on Regnault’s 
ajpparaius have been efiected. 

§ (3) Theory of Method of Mixtures. — 
It will be assumed that the cases under con- 
sideration are those of solids and liquids. 
The determination of the specific heats of gases 
requires especial consideration and is dealt 
with in a separate section. 

Let M = mass of heated body, 

^ = temperature of heated body at the 
moment of its immersion in the 
water of the calorimeter, 

W =mass of water employed, 

temperature of water when the body 
is immersed in it, 

T = temperature when the thermal equi- 
librium is estabhshed between the 
body and the water, i.e, when 
temperature of water ceases to 
rise (or sink if the body was coi^ler 
than the water). 
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Now if s = iiieaa specific heat of water be- 
tweea T and t, and S = specific heat of the body 
between 6 and T, we get 

MS(0-T) = W5(T-i). 


and 


S= 


Ws(T-i) 


(a) 


' M(0-T) 

This gives the calorimetric eq^uation for the 
method of mixtures in its very simplest form ; 
for practical working several corrections are 


necessary. 

(i.) For W we must substitute another 
magnitude Wi such that Wi=W + mass of 
water, having the same heat capacity as con- 
taining vessel, stirrer, and all parts whose 
temperature is seriously affected : 

I,e. if p, =mass of metal reservoir, stirrer, etc., 
and Sj^=mean specific heat of this metal 
between T and 


Wi=W+M^, 


and in this case equation (a) becomes 


M(0-T)* 


. (b) 


Sometimes the substance has to be supported 
in a receptacle, and if we put Ur= water- 
equivalent of such receptacle and takmg 5 = 1 
within the limits of the experiment, we get 


,_ W,(T-0 a 
‘^*”M(d-T) M* * 


(c) 


Where the results are to be as accurate as 
possible, equation (c) takes a more complicated 
form. In addition to the magnitudes already 
represented, we have to take account of the 
thermal capacity of the thermometers, etc. 

In addition to these corrections dependent 
on the nature of the various parts of the 
apparatus, there is the cooling correction for 
the loss of heat from the calorimeter to its 
surroundings. 

§ (4) MoDERiT Apparatus for the Method 
OF ilixTUBES. — The complete outfit required 
for experiments with the method of mixtures 
consists of the following elements, which will 
be considered individually : 

(i.) The calorimetric vessel and the device 
for mixing the contents. 

(ii.) The jacket enclosing the calorimeter, 
(iii.) The thermometer for measuring the 
temperature rise of the water. 

(iv.) The appliance for heating or cooling 
the charge (in specific heat determinations). 

§ (5) Calorimeter and Stirrer, (i.) TAe 
Calorimeter . — The calorimeter is usually made 
of pure copper, nickel plated and polished so 
as to reduce radiation to a minimum. 


The use of a vacuum jacket as a calorimeter is not 
to be recommended for ordinary work. Undoubtedly 
it is possible by means of it to reduce the magnitude 
of the cooling rate, but this advantage is more than 
counterbalanced by the disadvantages of this form 


of container due to its brittleness, the big ot (lu'i 
portions of the glass walls abovei th(' surface of llu' 
water, the diHiculty of ascun'tsiniiig its liivit, ecpiiv jih'ut 
and of keeping it constant. 

Under certain circiiinstaiKioH llio nwe^ of 
water or other calorimetric fluid becoriuvs im- 
practicable. Honco some in voHiigators bav(^ 
employed as calorimeter thi(ik-walle<l motalli(^ 
cups and trusted to the high cootlHrumt. of Inuil 
conductivity of the metal to oqualiso fbo 
temperature. These speeialiscd forms of calori- 
meters are described later. 

(ii.) The Stirrer . — Stirrers vary conHiclerabl y 
in design according to the speeitK^ i)m‘poso 
for which they are re(purc(l. A typical 
form is illustrated in h\'(j. 1 ; luu’e a 

screw is emjffoyod for stirring fiic eonlfimts. 
The vessel is constructed with an oc - shaiunl 
cross-section, the stirrer being (iontaincKl in a 
tube which is cioniiected 
with the main tube at the 
top and bottom. By this 
arrangement it is pc^ssiblo to 
ensure a steady circulation 
through tho calorinioter, and 
it is advisable to direct the 
stream as smoothly as pos- 
sible by suitably curved 
passages. 

In the design of such a 
calorimeter particular at- 
tention must bo given to tho 
provision of wide passages for tho (hrculationi 
of the water and care taken to avoid as far 
as possible dead spaces. It might Ix^ r('- 
marked that this method of sih’ring has been 
found to bo tho most reliable for ('ompaiiSon 
baths for mercury ihormonu'.U'rs and is much 
superior to a })lain screw in a vessc'l of rnpiid. 

White’- adopted a somewhat similar form 
of calorimeter for his ex])orim(mts on tho 
specific heat of silicjatos at lugh totn[)oi’atur(‘H. 
The charge, contained in a platinum c,ru(^iblc\ 
was dropped directly from tho furnace into 
calorimeter. 

It will bo observed from ICtj, 2 fbat tlu^ 
cover W is in actual contact with th(^ waTcu’ 
to ensure tomporaturo equilibrium. Tho an- 
nular space under tho cov(u' pcwiniis tlu^ vva>t(n’ 
to vary somewhat in amount without ov(U’- 
flowing or failing to w^cf. tlu^ covcw, whih^ tJu^ 
weight of tho cover (70 grm.) prev(a>tH it 
from being floated out of the f)la(^e wlum tli(^ 
water is high. An approximate preliminary 
adjustment of tlio amount of wafer is of coui’st^ 
necessary, and is very easily obtained. Evap- 
oration through tho joint is about 7 mg. an 
hour, which is not likely to producer appretnabb^ 
error. An oil seal gives very little troubb^ 
and is used whore maximum accuratjy is 
desired. 



FIC4. 1. 


^ " Some Oalorimctric Apparatus," 

Doc. 1910, xxxi. tfo. C. 


Ph}f. Jter., 
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Complete enclosure of the calorimetric 
with the possibility of quick opening and clos- 
ing, and thorough circulation without much 
heating, are the main requirements. 

Tn Fig. 3 a totally different type of stirrer is shown 
where the contents are mixed by a flat paddle of 
annular form which 
has a reciprocating 
motion in the liquid. 
In order to avoid 
pumping air in and 
out of the calorimeter 
by the reciprocating 
motion two small 
rubber bellows are 
fixed as shown with 
the end of the stirrer 
rod attached to the 
mid-point. The com- 
pression of the one 
bellows is compen- 
sated for by the ex- 
tension of the other. 
This device is due 
to Professor E. H. 
Griffiths. 



A 

f 


S-' 

u 


-T 

-t. 




■fcp- 

1 

1 

r 


1 



PIG. 2. 


A, vf^'tical section; A',iiori- 
zoiital section. The position 
of the crucible is shown by the 
(lotted lines. 


The method of 
stirring demands 
the most careful 
consideration in any arrangement that may 
be adopted. Vigorous stirring of the water 
is necessary to keep the calorimeter at a 
uniform temperature throughout while the 
heat is being rapidly supplied to it. There 
are two distinct, functions 
of a stirrer, mechanically 
more or less incompatible : 
First, the whole mass of 
liquid in a calorimeter must 
be circulated, so that there 
are no stagnant portions; 
and second, there must be 
thorough mixing of the 
different portions of the 
liquid in order that a 
measurement of its mean 
temperature may he ob- 
tained with a thermometer 
of convenient size. 

The reciprocating paddle 
form of stirrer mixes 
thoroughly the smaller 
portions of the liquid but 
produces little positive circulation, so that 
certain portions of the liquid may he left 
nearly stagnant. The screw propeller type of 
stirrer, on the other hand, properly applied, 
jiroduces a rapid circulation of the whole mass 
of liquid, but may not mix so thoroughly the 
different portions, i.e. it permits of definite 
stream linos. Such a stirrer can he mounted 
on a very small shaft and in such a way as 
not to promote evaporation. 

Tho tendency at the present day is to employ 



a small propeller driven continuously by a belt 
from a small electric motor, hut for occasional 
work a hand-operated stirrer is preferred on 
account of its simplicity. 

The common type of stirrer, which is stand- 
ard on combustion outfits, consists of a copper 
annulus of such diameter that it loosely fits 
the inside of the calorimeter and is oscillated 
up and down by a rod. This form of stirrer 
is not to be recommended for the stem moves 
in and out of the liquid, promoting evapora- 
tions, which may be a serious source of 


The paddle form of stirrer shown in Fig. 3 avoids 
this defect. Another simple paddle form of stirrer 
is illustrated in Fig. 4. 

In the top edge of the calorimeter two small notches 
are cut at opposite ends of a diameter. The stirrer 
consists of a thin horizontal copper rod bent to 
the form shown and resting in the notches. Two 
thin copper plates are soldered to the rod while a 
small glass rod is cemented to form a handle. By 
giving the handle a to-and-fro motion the 
paddles move backwards and forwards 
through the liquid and thus mix it up fairly 
thoroughly. 

Emporation 


r- 

r. 





Fig. 4. 


(iii*) 

froiyi Exposed Liquid 
Surface. — Experi- 
ence has shown that 
one of the greatest 
sources of error in 
the Regnault form 
of calorimeter is the 
heat loss by evapora- 
tion from the exposed 
water surface. The 
evaporation of 10 
milligrams of water 
consumes G calories, 
and since a calorimeter determination seldom in- 
volves a quantity of heat greater than 6000 calories 
an irregularity in the evaporation rate amounting 
to 10 milligrams introduces an error of one part in 
a thousand. 

Observations with an open calorimeter of standard 
form have shown that a rate of evaporation of 10 
milligrams per minute is not unusual, and this 
involves a heat loss as great, on the average, as that 
from the cooling by radiation, etc., besides being far 
more uncertain. 

Consequently, in all precision work the calorimeter 
should be cloRO(i by a fairly tight-fitting cover so as 
to check the loss by evaporation. 

Another precaution to be observed in this con- 
nection is to prevent the possibility of the evaporation 
of small amounts of water from the outside of the 
calorimeter during the course of the experiment, as 
the error due to this cause may be especially serious 
on account of the fact that the evaporation may be 
completed before the cooling correction is determined 
and consequently no allowance made for this heat 
loss. Two possible sources of such error should 
always be guarded against. 

(a) The presence of a minute drop of water on 
the outside of the calorimeter due to lack of care in 
filling. 
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(b) Absorbed moisture if the surface is hygroscopic. 
A tarnished copper surface 100 cm. sq^uare in area 
will absorb 7 milligrams of water in a saturated 
atmosphere at ordinary temperature, whilst a surface 
of polished nickel of the same size and under the 
same conditions will not absorb as much as 0*1 
milligram. Hence it is always advisable to provide 
the calorimeter with a lid, although it will be found 
that to close the calorimeter effectively the addition 
of a lid complicates the construction. 

Even with the simplest form of apparatus a 
substantial improvement is produced by providing 
a lid of very thin metal having a slot to allow of its 
being removed for the introduction of the hot body 
without disturbing the thermometer. 

§ (6) The Jacket surrounding the Calo- 
rimeter. — White ^ during the course of his 
extended researches on the specific heats of 
the silicates has devoted much attention to 
the design of the 
calorimetric ap- 
paratus em- 
W ployed. 

One form of 
jacket for main- 
taining a constant 
temperature en- 
closure around 
the calorimeter 
which he has de- 
scribed is shown 
in Fig. 5. The 
jacket is shown 
in section and 
also in top view, 
partly open. 
Water is held up 
in the two halves 
of the cover, and 
in the upper 
PiQ 5 ^ section of the 

T, rod on which the top slides ; chamber wall, by 
S, stirrer pulley ; e, groove for atmospheric pres- 
passage of thermoelectric ther- <,11 rp On Ipavino- 
mometer; W, water level. Un leaving 

the propeller the 
water divides and passes across through the 
three upper passages, and then returns through 
the lower space. Its circulation is directed by 
the partitions P and Q, of which Q runs nearly 
the whole length of the tank outside the 
chamber, as shown by the dotted line. The 
chamber is opened by moving the covers 
aside ; their down-turned ends then move in 
the troughs left at the ends of the tank. The 
covers slide upon the stout rod T, The pulley 
for the calorimeter stirrer, and the whole 
jacket stirrer, are borne on one half cover. 
This half is clamped firmly in place during an 
observation ; moving aside the other fully 
exposes the calorimeter opening. 

(i.) Method of supportmg the Calorimeter ^ — 
Heat transfer between the calorimeter and 
its jacket may take place in four ways — 

* Loc. eit. 




by conduction, convection, radiation, a.n(l 
evaporation. TIic object of applying the cool- 
ing correction is to cliniinatc this luMit loss 
from the final result. 

Whilst in practice it is not necessaT'y to 
study these effects se[)araticly, it might bo rc‘- 
marked that under ordinary conditions tb(^ 
greater portion of the heat transfer is du<‘ to 
convection and air conchiction, th(^ two togctlu'r 
constituting about 80 per cent of tln^ lot.al. 

It is advisable to reduce the transfi'r l)y 
thermal conduction through the supports of 
the calorimeter to a minimuni sinec^ it con- 
stitutes an uncontrollable source of error. 

Consider, for example, the c^ase of a calori- 
meter supported within the enelosnro on a 
sheet of cork or rubber. When I he e.aloriineli(M' 
and enclosure are at two steady ii(nnp(M'aInir(>H 
the heat transfer is, by the laws of eondnei.ion, 
proportional to the tomixuatiin^ di (Terence; if, 
how^ever, the temperature of the (jaloriinoter 
is changing rapidly the rate of transfer is not 
even approximately proj)ortional to the tem- 
perature difforonco. 

The following is a discussion of tins source 
of error by Dickinson ; ^ 

Since the conductivity of such materials is 
always small, compared with that of the 
metallic sheets in contn.ct witli tluuu, the 
temperatures of the suiffaccs may be takem, 
for the purposes of this discussion, as approxi- 
mately the same as the measurc'd ternjx'raturc'H 
of the calorimeter and the jacket respo(‘tively, 
The distribution of temperature in sucdi a layer 
and the rate at whicli heat is h'aviiig 
calorimeter at any time may Ix^ tlnai (k^ter- 
mined from the following considerations : 


A Rhoefc of niatorial of tliitfknoHH c houtuled hy 
piano Burl’jiacH irQ aiul u’l is initially at bMnperat.i’iro h(r 
If Tq and fff, are each tnlcen as 0 for (H)nv('ni(xi(i{», atid 
the tomperaturo of one of tlu' Hurfac'CH is th(*n 
caused to rise from to in smih a way that 
the temperature dintrihution it) tltis 
plato is given by tlio following (xpmtiion ; 


0 



7mrx 

c 



Where is the thermometrio eoiuliKdivily of tlu^ 
material, JF(/) is the temperature* of (Ik^ face * r, 
taken here as 0'{ 1 - c 

The point of interest in this (liscuHsion is the ra(.<' 
at which heat is ItMiving tlie ealorinK'ha’ nl. tiny l.int<‘, 
as this determines the value of fin* (unisslvity for 
the portion of the surface in question. If O' a,nd 
c are each made unity, and the abov(* (^xpresHtoi) IVtr 
6 is differentiated with rospont to tr, tlu^ follow'ing 


» Combustion, ()alorim(‘try, and the Hinds of 
Combustion of (kine Hugar, Benzole Aeld, and 
NapbthaleneA’ f!H, Paper Pur. HUU,, 1014, No. 

” Byerly, Fowiefn ^^erien and Ppherieal Jfarmovieft, 
p. uo. ’ 
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expression for the temperature gradient at any point 
in the material is found : 


-f 2^ ( - 1 cos m7ra;(e — e ~ _ 

1 m^TT-a^ — a’ 

The surface a'— 1 is the surface in contact with the 
calorimeter, so that substituting this value of x 
and the appropriate values for and a, the above 
expression gives the temperature gradient in the 
material in contact with the calorimeter, which is 
proportional to the factor h for this portion of the 
surface. 

As an example showing the effect of this land 
of distribution of material, suppose that the calori- 
meter rests on a sheet of ebonite 1 cm. thick 
and that the temperature in the calorimeter 
rises quite approximately according to the relation 
6 - where a =0-03 ^ and d, dj, 
and represent, respectively, the temperature at any 
time, the initial, and the final temperature. The 
value of the thermometric conductivity, for 
ebonite is approximately 0-001 in C.G.S. units. These 
quantities substituted in the above equation show 
that after 00 seconds the rate of heat loss is 2*76 
times its final value, after 5 minutes the rate is 1*13 
times the final value, and only after 10 minutes does 
it come to witliin 1 per cent of its final value. If 
the area in contact with such a sheet were a consider- 
able part of the whole area of the calorimeter, the 
error introduced from this cause evidently would be 
a very serious one. Such a distribution of material 
as here discussed vdll also have an effect on the heat 
capacity of the calorimeter. 

This discussion shows that all non-conducting 
supports should bo negligibly small, or, since the 
thermomotric conductivity a®=K/cp, the absolute 
conductivity IC divided by the specific heat (c) and 
density (p), the material used for them should have a 
small density and specific heat. A form of support 
should therefore bo employed, in which the smallest 
possible mass of insulating material is used, with the 
smallest possible area in contact with the calorimeter. 
The mass of such supports can readily be made 
negligible compared with that of the calorimeter. 

(ii.) Supports and Space between Calorimeter and 
Jacket . — To reduce errors due to the above cause 
to a minimum Dickinson " employed the following 
arrangement of supports for his calorimeter. The 
supporting pieces (three in number) are each made up 
of a brass cone soldered to the bottom of the jacket, 
and a small ivory tip about 2 mm. in diameter 
oemimtod into the end of the cone and resting against 
small plates (one with a hole, one with a slot, and the 
tliird plane) on the bottom of the calorimeter. The 
tliermal conductivifiy of the ivory tips is small, and 
their total mass is not over 0-1 gni., so that their effect 
on the (moling rate is too small to be significant. The 
brass cou<‘s, while they have a considerable mass, 
hav(^ a heat conductivity so great compared with the 
amount of h(‘at which they can receive by radiation, 
convection, (he. (about 0-0001 calorie per square 
centimetro per second per degree temperature dificr- 
once), that their tomporaturo is at all times measur- 

1 Value found by experiment by Dickinson for his 
calorlTn(‘ter. 

“ IjOc, cit. 


ably that of the jacket, hence their effect is entirely 
negligible, both as regards cooling rate and heat 
capaeity. 

(iii.) Heat Conduction along the Stirrer. — The steel 
stirrer shaft which enters the calorimeter should end 
just above it in a thin inbber sleeve, which should 
fit tightly over it and tightly within a larger steel 
piece coupled to the driving shaft. It is evident that 
since the heat conductivity of steel is many times 
greater than that of the hard rubber sleeve, the 
temperatures of the two metal parts will remain 
very nearly the same as the temperatures of the 
calorimeter and the jacket respectively. The heat 
capacity of the rubber sleeve, some of which should 
be added to that of the calorimeter, is insignificant. 

§ (7) Method oe calculating the Cooling 
CoBRECTiON. (i.) Rum ford. — Rumford was 
the first to introduce a method of correcting 
for the heat loss from the calorimeter. His 
procedure was to make a preliminary experi- 
ment to ascertain approximately what the 
rise of temperature would be and then to 
cool the calorimeter half this number of 
degrees below the temperature of the surround- 
ing atmosphere before the next experiment. 

For example, let 

Temperature of atmosphere = 
Approximate increase = 2^. 

The calorimeter is cooled to (£ - and the 
heated body then introduced ; the maximum 
temperature will be approximately (^■+• 9)°, 
and Rumford’ s idea was that the amount of 
heat gained by the calorimeter during the 
time its temperature was below will exactly 
compensate for the amount lost by it while its 
temperature was above t°. This is approxi- 
mately true, but not quite so, owing to the 
fact that the rate of increase of temperature 
diminishes very rapidly as the heated body 
and the water approach thermal equilibrium : 
thus, it may happen that the rise of tempera- 
ture from {t - $)° to t° will occur in less than 
20 seconds, while the rise from t° to 
will occupy over 100 seconds. 

(ii.) Arithmetical Method of computing Heat Loss. — 
A far more accurate, but not nearly so easy a method 
of correction is the following : Cool the calorimeter 
several degrees below the enclosure and take very 
careful readings at intervals of about 20 seconds 
before and after the introduction of the hot body, 
and also after the establishment of thermal 
equilibrium between the hot body and the water. 
Let 6 , 6 ^, .. . 6 n be the temperatures of the 

calorimeter at the beginning and at the end of m 
periods of, say, 20 seconds each before the intro- 
duction of the hot body. 

Let £, q, £3, . . . tn be the temperatures for n 
periods of equal duration after the introduction of 
the hot body up to the establishment of thermal 
equilibrium between the hot body and the water. 

Let T, Ti, T2 . - . Tf be the temperatures for r 
similar periods after the establishment of thermal 
equilibrium : tn and T are virtually the same. The 
temperature t should not be taken from the reading 
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of the thennometer, but should be calculated as 
follows : 

. A 

• 


During the first interval after the introduction 
of the heated body the mean temperature of the 
calorimeter has been and if we put 

V for the change in the temperature of the calori- 
meter due to its surroundings we get for the first 
interval 




where a and j; have to be calculated, 
interval we have 


For the second 




where a and a have the same values as in the expres- 
sion for Vi^ Filially, 


ftn-i+tn \ 

xj. 


SO that between t and tn 

— - — 1-^1 -h^2+ • • • tjt 


The values of a and x are found in the following 
way : Let (p represent the mean temperature of the 
calorimeter before the introduction of the hot body, 


<P: 


^ -f + ^2 




l-f-TO 


SO that the mean value of v=a{(p—x) between B 
and Bm ; and putting (p^ for mean temperature after 
establishment of thermal equilibrium. 


^1 = 


T-fTi+Tg-f 


Tr 


l+r 


and the mean value of v^—a{(pi — x). 


IN’ow v~ 


6-6 


and 


T-Tr 


From the two equations v=a{(p~ x)aiLdv' =a{<pi — x) 
v-v' 

we get 


and 


v<p-^ - v'(p 


from which Tr can be calculated, and hence the 
corrected value of the change of temperature of the 
calorimeter. 


(iii.) Graphical Method of deducing the Heat 
Loss . — A graphical method of computing the 
cooling correction is due to Kowland. 

(a) Rowland's Method .'^ — Instead of finding 
the number of heat units lost by the body 
while the temperature of the body is rising 

^ ‘‘ On the Mechanical Equivalent of Heat, with 
Subsidiary Hesearches on tlie Variation of the 
Mercurial from the Air Thermometer, and on the 
Variation of the Specific Heat of Water,” Proceedings 
of the American Academg of Arts and Sciences, 1880, 
XV. 75-200 ; also Physical Papers, p. 402. 


to its maximum value, the heat loss can be 
accounted for if the temperature is determined 
which the body would have attained if there 
had been no loss. The correction is obtained 
as follows : First make a series of measure- 
ments of the temperature of the water of the 
calorimeter, before and after the charge is 
dropped in, together vrith the times. Then 
plot them graphically on a large scale as in 
Fig. 6. Five or ten centimetres to a degree 



are sufficient, noted is the plot of the 
temperature of the water of the calorimetci*, 
the time being plotted horizontally and the 
temperature vertically. Continue the line 
dc until it meets the vertical line la. Draw 
a horizontal through the point 1. At any 
point h, of the curve, draw a tangent and 
also a vertical line bg; lay If equal to eg, 
and draw the line fhh through the point h, 
which indicates the temperature of the 
atmosphere of the vessel surrounding the 
calorimeter. Draw a vertical jk thj’ough the 
point k. From the point of maximum o draw 
a line jc parallel to dm ; where it meets If 
will then be the required point. Hence, the 
rise of temperature, 
corrected for aU cool- 
ing errors, will be kf. 

This method, of 
course, only applies 
to cases where the 
final temperature of 
the calorimeter is 
greater than that 
of the air; otherwise 
there will be no 
maximum. 

(b) Ferry's Method. — In the following 
modification by Ferry of Howland’s method 
this temperature can be obtained to a fair 
approximation by a simpler graphical con- 
struction. 

Let C represent the temperature of the sur- 
roundings, and let a body at a temperature 
below these be given a quantity of heat H such 
that its temperature rises to a value above C. 
The way in which the temperature changes 
before the heat H is added is represented 
by the line AB in Fig. 7. The lino BD shows 
how the temperature changes while the body 
is absorbing the heat H. From B to C the 
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body is, in addition, receiving heat from the 
surroundings, and from C to D is losing heat 
to the surroundings. The line DE indicates 
the temperature changes due to radiation, 
etc., alone. 

Through C draw a verticcal line. Prolong 
ED backward until it cuts this vertical in/. 
Prolong AB forward till it cuts the vertical 
line in h. Then the temperature changes are 
given by lif. 

To see that the above method of finding the 
desired temperature is reasonable, consider 
the following: If the heat H had not been 
given to the body, it would have continued 
to rise in temperature in the same way that 
it was rising from A to B, so that by the 
time it really attained the temperature 
indicated by C it would have reached the 
temperature indicated by A; that is, while 
the body really rose in temperature from B 
to C the rise in temperature from B to A 
was due to heat from the surroundhigs, and 
the rise from A to C was due to a part of the 
heat H. Again, if the body had not been 
given the heat H, but if it had been at first 
at such a temperature that as it cooled it 
reached the temperature indicated by D at 
the same instant that it really reached that 
temperature — and thereafter cooled as shown 
by DE — it would have been at a temperature 
/ at the instant when it really was at the 
temperature C; that is, while the body 
really rose in temperature from C to D the 
fall in temperature due to radiation was the 
fall from / to D, so that if there had been 
no loss of heat by radiation the rise of 
temperature during this time would have been 
from 0 to /. If, then, there had been no 
gain or loss of heat by radiation the body 
would have risen in temperature the amount 
indicated by the distance from li to /. 

While the temperature of the body rose 
fiom C to D it was really at a lower temperature 
than if it had been cooling from / to D, and 
so did not really lose as much heat by radia- 
tion as has above been supposed. Hence, 
the point / is higher than it ought to be. 
For a similar reason 7i is also somewhat 
higher than it ought to be. If the time from 
B to 0 is about the same as that from C to 
D, these two errors will nearly balance each 
other. 

(iv.) Adiabatic Methods . — To eliminate 
entirely the necessity for correcting for the 
heat transfer between the calorimeter and its 
jacket, T. W. Richards ^ has devised various 
forms of calorimeters in which the bath 

^ Joam. Am. Chem. Soc., 1900, xxxi. 1275 ; 
Richards and Biirpccss, ibid., 1910, xxxii. 431 ; 
Richards and Rowe, Proc. Am. Acad. Arts. Sci. xlix. 
173 ; Richards and Barry, Joum. Am. Chem. Soc., 
1015, xxxvii. 093 ; MacTnnes and Braham, “ A 
Oalorimoter for Measuring Heats of Dilution,” 
Joiirn. Am. Chem. Soc., Oct. 1917, xxxix. 2110. 


surrounding the calorimeter is kept through- 
out the experiment at an equal or equivalent 
temperature. This device has been found to 
be particularly convenient in expeiiments on 
heat of dilution, heat of reaction, and recently 
it has been adapted for fuel calorimetry work. 
The precise method adopted for heating the 
jacket to keep it in step with the calorimeter 
varies. Richards has used the heat liberated 
by chemical reaction of the same character as 
that under test in the calorimeter. For most 
purposes, however, electrical heating is the 
more convenient. It is usually necessary to 
make a few blank experiments to settle the 
relative values of the current, so the method 
finds its greatest field of application when a 
large number of experiments have to be 
performed. Since the stirrer in the calori- 
meter generates an appreciable amount of 
heat, it is convenient to keep the tempera- 
ture of the jacket at a temperature of a 
degree or so below that of the calorimeter, 
so that the residual heat loss just balances 
that generated by the stirring. Whilst the 
device cannot give greater absolute accuracy 
than that in which a stationary jacket 
temperature is employed, it has the ad- 
vantage that the initial and final tempera- 
tures are stationary and hence more easily 
measurable with resistance thermometers than 
would be the case if the temperature were 
moving. 

§ (8) Thermometer for measuring the 
Temperature Rise of the Water. — The 
most generally used instrument for the 
measurement of the temperature rise of the 
calorimeter is the mercury thermometer, but 
in work of precision the resistance thermometer 
is to be preferred. 

Experience has shown that the inherent 
defects of the mercury thermometer limit the 
possible accuracy to 2 or 3 parts in 1000 
for a 2° rise of temperature, while with a 
suitable resistance thermometer outfit ten 
times this accuracy may be obtained, but 
of course it necessitates an expensive equip- 
ment and more labour with the observations. 
For a discussion of calorimetric mercury 
thermometers reference should be made to 
the articles on “Thermometers” and “Re- 
sistance Thermometers ” respectively. 

§ (9) Appliances for heating or cooling 
THE Charge, (i.) Steam Heater. — Regnault 
in his extended series of experiments used a 
steam-jacket heater to bring the charge to 100° 
before dropping it into the calorimeter. His 
form of heater consisted merely of a boiler 
with a tube containing the charge, and on 
inverting it the heated charge is dropped into 
the calorimeter. White has modified the 
Regnault heater to the form shown in Fig. 8 
which is self-explanatory. He employs elec- 
trical heating, since then it is possible to 
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move the apparatus about without danger of 
premature cooling. The apparatus is manipu- 
lated as follows : Just before discharging the 
temporary outlet is 
opened, the con- 
denser and thermo- 
element removed, 
the opening stop- .| 
pered, and lastly 
the heating 
chamber unstop- 
pered and the 
charge dropped 
into the calori- 
meter. The object 
of the shallow cup 
below the chamber 
filled with con- 
densed water is to 
shield the chamber 
against superheat- 
ing. White points 
out that the usual 
practice of closing 
the upper end of 
steam heaters with 
corks is defective, since the ends are left com- 
paratively cold, and conseq^uently errors of 
the order of a few parts per 1000 may result. 

(ii.) Electric Fur- 
ruice. — For heating 
the charge to high 
temperatures s o n\ e 
form of electrical fur- 
nace is generally em- 
ployed, as this permits 
of the attainment of 
temperatures up to 
1500° C. It is, of 
course, necessary to 
ensure that the fur- 
nace should give a 
uniform temperature 
over the region oc- 
cupied by the charge, 
and experience has 
shown that the sim- 
plest method of effect- 
ing this is to wind the 
tube uniformly, and 
over each end add 
additional coils cap- 
able of independent 
control ; then, by ad- 
justing the relative 
values of the current 
in the main circuit 
and the supplement- 
ary coils, a good 
degree of uniformity 
can be obtained. It might be remarked, how- 
ever, that the ratio of the currents in the 
circuits which will give uniformity at one 



Top of 
Calorimeter extension 

Fig, 9. — Arrangement of 
platinum - wound Fur- 
nace for Experiments 
between 500“ and 
1500° C. 

P, partitions to sliield 
against the cooling effect of 
the ends of the furnace ; SS, 
swinging shield; L, latch 
for dropping out the fiu- 
nace bottom ; MM, heavy 
wires for tlie dropping 
current; T, tliermoelement. 


temperature may not uotJOSHarily ai)i)ly (o 
another, and cousoquoutly separate (^xjxu'i- 

ments are necessary to (h^termim^ tU(^ l)(\st 
values for each point. 

In his work on tlio spcMufic luvit of HiluMitoH 

Wliiie employed a fiiriuict^ with inlnrnal platinum 
winding. This has tlu^ advantage of [xn-mitling 

of the attainment of higher i.iMnp<'ra,tur('M t.hau 
is possible with a winding on the ('xlvrior of (ho 
tube, and also diminislx's («Uo lug Ix'Iavim'U (Iu' 
coil and the chamber, so that (‘(piilibrinm is 
obtained with greater rapidh-y. Plus fun>ae<' 

{Fig. 9) is mounted on a stout iron i)late with an 
air apace beneath. An opening of C>'i> cm. is cut 
through the furnace bottom and plah', wiiieli is 
closed by a plug of fireclay carriixl on a movabli'i 
iron plate. This is held up against a largo plate 



FIG. 10, — Apparatus of Mar<|nnrdl> Material and 
Platinum for aul/Oiaallcally dropping I, he Plati- 
num tJontaiiierj Pt(1. 

L, latch; V, its fulcrum ; MM', tuhi‘H, abouli -H mm, 
in diameter; W, wire, whosi^ pull unlatclx^s (ho ball 
of the container ; (JT. ehargi' tlu'rmochmuMib; It'T, 
furnace thormoeloraoni: IV shk'.ldhig partKlons: 

H, furnace winding. The plathmm tube around (IT 
in the container is supiioHi'd (,<> Ix^ cn(; away. 
L is 2-3 mm. MM, were covonxl wd(h hIum'Ii 

platinum, wldch was part of tlu^ oimipotindhd 
sliield. 

by the latch in such a way that a tpiick pull on the 
latch oauHCB the plug to fall away without tipping. 
Upon the block and inside the furnace cliandxw is a 
pedestal made up of throe liriwlay parti tious (»a,oh 
faced oil both sidos, oxcopb on (h(^ huIo fa,cing (,Ih‘ 
crucible, with redeoting discs of platinum foil, a-nd 
supported by a light frame inado by grinding away 
as much as possible from ( ho thin poroolain in ho. 
This pedestal has two funotious. it proiinds (ho 
crucible from the cooling olToot of (Ju^ furnaoo l)o(rtom 
and it also supports the oruciblo during iht^ piaaod 
necessary to roach the constant tmnpora(.ur(\ (Madl- 
num is very soft at Jugh temporal, un^s, and tlu^ (Int^ 
wires wliioh support the eruelbh^ for an in(,(n’val of 
1 second, which olapsos botwixm tlu^ fall of (ho 
crucible and tho podi^stal, would have to Iio v(*ry 
largo if (hoy wore to hold for any bmglh of (hiu'. At 
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the Jiighor temperatures the uppermost partition is 
apt to stick to the bottom of the crucible, hence it 
is tietl by platinum wire to the plate below, the weight 
of which is enough to pull it away. Above the cru- 
cible another platmum partition is suspended. When 
the pedestal falls from the furnace it is caught in a 
light wooden box, which can be pushed out of the 
way, and at the same time switches off the furnace 
current. 

The simplest method of supporting the charge 
in the furnace is to use a loop of platinum wire and 
fuse it by a strong current when it is desired to drop 
the charge into the calorimeter. This method was 
used successfully by Harker ^ in his experiments on 
the specific heat of iron. 

White found some difficulty with the fused wire 
method of making a release at temperatures above 
1000° C. owing to the arcing which occurred across 
the terminals after the wire was melted. This 
difficulty could no doubt have been overcome by 
making the current fuse a length of copper wire out- 
side the furnace the same time as the supporting 


wire inside. He, however, devised a mechanical 
drop for releasing the charge. This was made of 
Marquart composition, which is obtainable in the 
form of tubes and plates. The complete arrange- 
ment is shown in Fig. 10. Stout platinum wire of 
1-2 mm. in diameter was operated automatically to 
release the container as the wooden shield of the 
furnace was swung on one side. This was found to 
be generally satisfactory, but many troubles were 
encountered owing to insufficient rigidity of the 
supports, combined with a too rapid swing of the 
shield. 

§ ( 10 ) The Specific Heats of Silicates 
AT High Temperathee. — With the above- 
described apparatus White ^ has made an 
extensive investigation of the heat capacity 
of various silicates at high temperatures. The 
data obtained are summarised in Table I., 
from which the instantaneous ” atomic heats 
have been calculated by the procedure de- 
scribed below : 


Table I 

Interval Mean Atomic Heats 



0-100°. 

0-300°. 

0-500°. 

o 

o 

o 

0-900°. 

0-1100°. 

0-1300°. 

0-1400°. 

Silica glass .... 

3-708 

4-272 

4-627 

4-870 

5-049 




Quartz .... 

3-755 

4-359 

4-784 

5-112 

5-217 

5-308 



('ristobalitc .... 

3-784 

4-G89 

4-876 

5-042 

5-163 

5-276 

5-351 

5-388 

Anortluto .... 

4-079 

4-596 

4-926 

5-144 

5-322 

5-472 

5-638 

5*736 

Andcsino . . . - 

4-012 


4-857 

5-086 

5-263 




Albite 

3-900 

4-479 

4-805 

5-030 

5-207 

5*346 



Mi(ir()cliuo .... 

3-971 

4-474 

4-801 

5-031 

5-200 

6-332 



Microeline glass . 

4-073 

4-591 

4-926 

5-160 

5-337 

6-516 



I/Hou(l()-wollaKtonito , 

4-290 

4-758 

5-050 

5-256 

5-409 

5*534 

5-646 

5-697 

j Mag. sil. ampliibole . • 

4-090 

4-624 

4-952 

5-182 

5-354 

5-496 



1 Mag. sil. ])yroxenG 

4-103 

4-647 

4-997 




0-3 ‘.i50® 


j Diopsidn .... 

4-175 

4-697 

5-021 

5-252 

5-425 

5-560 

5-649 



Table II 


Instantaneous ” or True Mean Atomic Heats, that is. Heats at Different Temperatures 



0°. 

100°. 

300°. 

400°. 

500°. 

000°. 

700°. 

800°. 

900°. 

1000°. 

1100°. 

1200°. 

1300°. 

fSilica glass 

3-33 

4-05 

4-95 

5-17 

5-35 

CO 

5-58 

5-68 

5-75 





Chniriz 

3-37 

4-1 

5-1 


5-9 


5-46 

5-58 

5-G6 

5-72 




('ristobalito 






5-46 

5-55 

5-62 

5-07 

5-72 

5-77 

6-82 

5-86 

Anortluto . 

3-74 

4-30 

5-22 

5*43 

5-58 

5-69 

5-82 

5-95 

6-04 

G-14 

G-31 

6-54 

6-82 

Aiuh'Mitic . 





6-53 

5-06 

5-78 

5-89 






Albite 

3-61 

4-28 

5-10 

5-31 

5-46 

5-59 

5-71 

5-83 

5-91 

5-97 




Microeline 

3 •04 

4-27 

5-09 

6-30 

5-47 

5-61 

5-72 

5-79 

5-86 

6-92 




Miciroelitui glass 

3*73 

4-38 

5-22 

6-44 

5-61 

6-75 

6-86 

5-95 

6-11 

6-34 




WolluHtonite . 









6-11 





Pseudo- wollastonito 

3-98 

4-58 

5-32 

5-50 

5-65 

5-77 

5-87 

5-95 

6-02 

G-10 

6-18 

6-26 

6-33 

I)iopsi(l(‘ . 

3-82 

4-40 

5-32 

5-52 

5-69 

5-83 

5-94 

6-03 

6-10 

G-17 

6-24 



Mag. ail. amphibolo 

3-73 

4-42 

5 26 

6-46 

5-62 

6-76 

5-87 

5-96 

6-04 

6-13 




Nernst- Lindcmann j 














formula for silicsa - 



4-95 


5-35 


5-65 


5-67 

5-71 

5-75 


5-80 

glass ) 



















Quartz at 550°. C-3. 







1 Specinc Ifcat of Iron at High Tempera- I 

tures,” Proe. Phys. Soc. xix. ; PhU. Mag., Oct. 1906. I 


» “ Silicate Specific Heats," second series, Am. 
Journ. of Science, Jan. 1919, xlvii. 
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For convenience the values are given as 
atomic heats, but can, of course, be readily 
converted back into specific heats by the use 
of the data given in Table III. 

Table III 

Mean Atomic Weights, or Molecular Weiotits 

DIVIDED BY THE NUMBER OP AtOMS, USED 
AS Multipliers to reduce Specific Heat 
TO Mean Atomic Heat 


Silica 


. 20-1 

Calcium metasilicato . 


. 23-27 

Magnesium metasilicate 


. 20-12 

Diopside .... 


. 21-70 

Anortbite .... 


. 21-45 

Andesine .... 


. 20-84 

Natural albite 


. 20 33 

Natural microcline 


. 21-23 

! method of experiment 

gives 

the mean 


specific heat over a wide range of temperature 
and is not suitable for giving with accuracy 
the true specific heat, if this changes rapidly 
with temperature, as is the case at very low 
temperatures. At high temperature, however, 
the relation between specific and temperature 
is practically linear, hence it is possible to 
calculate the “ instantaneous ” or true specific 
heats with fair accuracy, as follows : 

If the interval specific heat is sufficiently well 
expressed by polynomial equations with 5 constants, 
A+B^-pC^®, etc., where 6 is centigrade temperature, 
the total heat from 0® C. up is etc,, 

and the true specific heat at any temperature, which 
is the differential of the total heat, is A+2B^+3C^2, 
etc., so that the quantity which must be added to the 
mean specific heat to get the true heat is 

But in a series of 4th- degree polynomials each first 
difference is 

BP+2CP« +DP (s0-+^^ +EP(493 +eP=) ; 

each 3rd difference is GDP^ +24EP'^^?, where P is tho 
temperature interval between each two succeHsivc 
values in the series. It follows at once that by sub- 
tracting of the 3rd difference from the Ist, 
and then multiplying by ^/P, the difference of true 
and interval heats is obtained. The method is 
exactly equivalent to obtaining a series of 4th- 
degree equations and thus computing the true 
specific heat, but is much easier. 

For quartz and silica glass the values of 
the interval specific heat to 100°, 300°, and 500° 
satisfy the expressions : 

Quartz 

O' 1685 + 0 -000 1 94^ - 0-000000 1 1 B-. 

Silica Glass 

0-1670 + 0-000 189d^ - 0-000000125^2. 

§ (11) Low Temperature Appliances. — 
Nernst, Lindemann, and Koref ^ in their 

" Nernst, Lindeniann, and Koref, KlmMiche 
i rnissxscke Akadeime dcr Wissenschaften zu Bcrlm. 
^Uzungaberichte, 1910; Koref, Annalen dvr Physik. 
1911 (4), xxxvi. 49. ' 






PIG. n. 


experiments at low tompcraturcH cook'd down 
the substance uiidor test in a quartz va(umin 
vessel, through which [)aHsed a tube op(Mi at, 
both ends, as shown in Pig. 11. This tube 
was surrounded by liquid air or 
a mixture of alcohol and solid 
COg. The device is operated as 
follows : As soon as tho 0 (|ni- 
librium of temperature lias bcHun 
obtained it is placed ovcw tho 
calorimeter. A slide is opened 
and tho contents, suspended on a 
thread, are lot down into tho 
calorimeter. 

Instead of the expensive quai’l,z 
vessel the following simple device 
may also bo used (Pig. 12). In 
a large tost tube A is placed a, 
tube J, somewhat enlarginl ai/ tho 
bottom and closed at both ('iids 
by means of rubber stoppers. 

Inside of it is a silver vessel, with the sub- 
stance and the thormoolomont suspeiubHl by 
a thread. Tho test tube is immersed in 
the constant tomporaturo bath. 9^10 iinu^ 
required to obtain tho equality of tomporaturo 
may be shortened by passing through a slow 
current of dry 
hydrogen, which 
flows into the outer 
vessel through a 
small channel in tho 
lower cork and then 
into the air through 
the cotton -wool. To 
bring tho substance 
into the calorimeter 
tho whole device is 
brought into tlu^ 
neighbourhood of 
tho calorimeter, 
which is then opened. 

Tho inside tube d 
is rapidly removed 
from tho test tube, 
the lower cork taken 
away, and tho oth(U‘ 
one slightly lifted 
so as to allow tho 
container to droji 
into the calorimeter. 

The whole manipula- 
tion takes about 
three seconds. In 
that time tho suh- 
atanco is only slightly 
wanned up. With Ikjiiid air, for Instauco, it is 
claimed that tho heat loss is Iiardly I per ctuit. 

§ (12) The TuMiiiuAr. Unit and’ the Vaiua- 

TION OP Ttri!) SPlOOIIMf! 1 1 lOAT OF WaTIOR WITH 

Tlmj'erature. It is customary to cixpri'iHS 
lioat quantities in terms of tho \imt (fapaiuty 
of water for 1° change of tomporaturo, and 
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since this heat capacity is now known with 
accuracy in terms of the primary units — 
centimetre, gram, second — ^it is possible to 
express heat quantities in “ ergs ” by the use 
of an appropriate factor. 

For a long time it was not fuUy realised 
that the specific heat of water varied with 
temperature, and consequently the practical 
heat unit varied with the range of temperature 
through which the water was heated when 
employed as calorimetric medium. Even 
when it became apparent that the specific 
heat could not be regarded as constant the 
data published as to the magnitude of the 
variation were so conflicting that the experi- 
menters were comi)clled to neglect them in the 
reduction of their observations. 

In later years the work of Rowlands (1879), 
Bartoli and Stracciati (1891), Griffiths (1893), 
Ludin (1896), Callendar and Barnes (1902), 
has proved conclusively that the form of the 
specific heat-temperature curve is that shovm 
in Fig. 13, and that there is a minimum value 
at 35° to 40° a 

Hence the calorie is only fully defined when 
the particular degree (1° C.) of temperature 



is specified tlirough which unit mass of water 
is heated. Professor E. H. Griffiths has 
pointed out that the calorie between 17° and 
18° C. is equal to the mean calorie between 0° 
and 100°. So that the specific heat of water 
between 17° an 18° C. might be considered as 
a suitable unit for calorimetry. 

Oallcndar ad(^pt3 20° C., and suggests that 
the caloric be defined 7iot as the heat required 
to raise one gram of water from 19-5° to 20’5°, 
but as the niea?i value between 15° and 25° of 
the quantity of heat required to raise one 
gram of water 1° C. 

Whilst it w(’>uld be a great convenience if 
experimontors would ado])t a common unit, 
it is of greater importance that they should 
state the unit cmjiloyed when the accuracy 
of their work is such as to justify taking into 
consideration the variation in the heat capacity 
of wat(u,‘. 

§ (13) Metallic Block CUlortmetebs. (i.) 
NernM : — A calorimeter in which the usual 
vessel of rKiuid is replaced by a heavy copper 
block lias i) 0 on employed by Hernst, Linde- 
mann, and Koref for specific heat determina- 
tions. The l)lock is hollowed out and the 
material dro])pecl into its interior. Owing to 
the good thermal conductivity of copper it 
has practically the same temperature through- 


out, and the temperature changes of the block 
are determined by means of thermoelements. 
To obtain heat insulation the block is inserted 
into a Dewar vacuum vessel. The arrange- 
ment is shown in Fig. 14. The block K 
weighs about 400 grams. It is desirable to 
have good thermal contact between the copper 
block and the inner surface of the glass vessel 
which has to be made as thin as possible. To 
ensure this the block is fixed in the vacuum 
vessel by means of Wood’s fusible alloy. 

In the diagram T are the thermojunctions. 
The junctions of the thermoelements are in- 
serted into thin- walled glass tubes which are 
fixed in holes in the block by means of fusible 
alloy. Good contacts between junctions and 
the tubes are also obtained by the use of alloy. 
The other junctions are in a 
ring-shaped copper block C 
by which the vacuum vessel 
is closed at the top. Through 
the middle of the block passes 
a glass tube R, through which 
the substance is dropped into 
the calorimeter. This tube 
can be closed by means of a 
sHde as shown. The whole 
apparatus is submerged in a 
constant temperature bath, 
usually ice or solid CO 2 , and 
the temperature thus main- 
tained constant. To keep the 
apparatus water-tight a sheath 
of copper foil is soldered round 
as shown. To prevent the 
heated air from rising up in 
the calorimeter, which means 
a loss of heat after the sub- 
stance has been dropped in, 
some cotton-wool is placed 
on the top of the silver vessel 
so as to just close the hole 
in a copper block after the 14 ^ 

material has been dropped in. 

In their experiments the temperature 
changes of the calorimeter usually amounted 
to from 3° to 6°, giving a galvanometer 
deflection of 45 to 90 divisions. The apparatus 
must be calibrated by means of a substance 
whose specific heat is exactly known, and this 
was attained by using water for high, and lead 
for low, temperatures. The calibration had 
to be repeated from time to time in order to 
eliminate small errors. 

(ii.) Fery . — Fery ^ has applied the metallic 
block method to the design of a bomb calori- 
meter and constructed a direct reading instru- 
ment, The bomb in which the combustion 
takes place is a nickel-lined, thick- walled vessel. 
It is supported by two discs of constantan, 
the disc being soldered to the bomb and also 

' Engineering^ Sept. 20, 1912 ; Electrician, Sept. 
13, 1912. 
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to the nickel - plated surrounding vessel B 
{Fig. 15). The constantan supporting disc forms 
with the iron of the homb the hot junction of 
a thermo- 
couple, the 
cold junc- 
tion being 
made be- 
tween the 
discs and 
the outer 
vessel B. 
The E.M.F. 
generated by 
the tempera- 
ture of the 
bomb is 
measured by 
the millivolt 
calibrated to 
read direct 



S'lG. 15. 


A, nickel-Iiaed bomb of iron 3 J kilos, 
in weight ; K,F;', two constantan discs . . 

soldered to bomb and to nickel-plated m calones on 
copper surrounding vessel B; C, quartz the assump- 

tion that the 

same w’eight of fuel is always burnt. 


The instrument has not yet been developed to a 
stage when it can be used for routine tests, several 
sources of error 
which influence 
the readings 
not having been 
eliminated. One 
important factor 
is the pressure of 
the oxygen in the 
bomb. Should the 
pressure be below 
that for which the 
instrument has 
been calibrated, 
combustion will 
become slower 
and heat loss due 
to radiation, etc., 
will bo greater 
than that under 
normal con- 
ditions. A few typical curves illustrating this are 
showTi in Fig. 16. 

§ (14) SPEcmc Heat of Gages bv tse 
‘‘Method op Mixtures,”— When defining 
the specific heat of a gas it is necessary to 
specify the conditions under which the heat- 
ing takes place, since the change of volume 
with the rise of temperature is considerable 
under constant pressure, and the thermal 
equivalent of the external work done during 
expansion is a large fraction of the whole heat 
supplied during the change of temperature. 
Hence in the case of a gas it is customary 
to speak of two specific heats:' (1) at constant 
volume, and (2) at constant pressure. 

The earliest inve.stigators to study the 
specific heat of gases were Lavoisier and La 



Minutes 
Big. 16. 

Curve A, pressure of gas =100 
lb, per sq. inch ; curve B, pressure 
of gas= 150 lb. per sq. inch ; curve 
C, pressure of gas =200 lb, per sq. 
inch; curve D, pressure of gas 
=250 Ib, per sq. inch. 


Place, who employed a cab )ri metric, mc-tliod 
baaed on the measurement of the quantity of 
ice melted. Later, Delaroe.bo and Bc^rai'd 
made some careful experiments in which a 
uniform current of gas, heated at 100” (t, by 
passing through a tube surrounded by a. va])our- 
jacket, was cooled by ])aHsing through a spiral 
contained in the calorimeter. The method 
was essentially that of mixtures, and most 
of the subsequept investigators adopted this 
method wfith various modifications to tnoet 
special requirements. (Consequently, the pub- 
lished data are confined to the mean s])ce,itic 
heat over a wide range of tcm])orature. More 
recently Callendar and liis asHociatc^s have 
developed the method of electrical luxating 
which permits of the detenuination of tlm true, 
specific heat. 

Amongst the W7)rkers cni])loying Iho luoihod 
of mixtures Eegnault stanc 1 s ] )T’e- (u » i i n ei ) t. 1 1 
brought to boar u])()n the. subject liis uniipui 
skill and experience of calorirnotric rncasurev 
ments, ivith the result that the data lu^ ob- 
tained were accepted, almost without (juesiion, 
for the following half-century. Th<u’(^ is, 
however, no doubt that the results givcui l)y 
Regnault wore a little low, about 2*5 pea* 
due to an inaccuracy in his method (»f dei('r- 
mining the heat conduc.toci into the ealoi'inulim* 
along the pi ])0 through which tlic gas llowi'd. 
Without describing in detail Itegnault’s ap- 
paratus its essential features may l)e bru'lly 
reviewed. 

The gas was contained in a largo rt^stuvoir, 
heated up bypassing through a long H])ira.i im- 
mersed in an oil batli, and thence knl i.o tih(!! 
orimetor. Caro Wiis taken io ensui’t^ a uniform- 
ity of flow of gas through iho (^alorinu'.t.t'r umhu" 
constant })rcHsuro, and indlp(^ml(adl (^sp(‘n- 
ments wore made to ensure tha.t the gas hviving 
the cfilorimctor had eooh^d l.o tlfis i/omjxu’aiuiv^ 
Since it was assumed tliat tli(\ toiHp(M’aiun^ of 
the gas entering the c.alorinul'm' was tlu^ sanK^ 
as that of the heater bath, precxuiiions ha,vo 
to be taken to avoid loss of lieat by iilu' ga,s in 
passing from the bath to tlu^ (^jdorinuhor, a, ml 
at the same time prevent a-s far as possibk' 
conduction of heat from the bath, to th(^ ealori- 
motor along the connecting tulx^. 

The correction for tlu^ lu'at ca.rn(‘d alorq*: 
this tiibe, which was made (»f low (x)ndu(fi.ivity 
material, was deduced from ohservations of 
the change in temperature of ilus calorirndv!* 
without the gas flowing. Uiis change of 
temperature is duo to t]\e condjincxl (dlVci of 
the conduction and the rate of hciating or 
cooling of the calorimeter due to tlu^ din’<q'ene<^ 
in temperature between it and the surround- 
ings. 

If LO is the observed rate of ehauge of Pun- 
peraturo per unit time, them AO is (Mirnd to 
A — Biy, whore 0 is the ex<ieHs of tlu’i bun pc' rat un^ 
of the calorimeter oveu- that of tln^ room, 
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The term A corresponds to the heat conducted 
through the connecting pipe from the heater 
to the calorimeter, and to the heat loss by 
radiation, etc., from the calorimeter. Each of 
those terms corresponded to about 5 per cent 
of the total energy supplied by the gas per 
minute. Regnault measured the constant A 
and B by noting the rate of rise of temperature 
of the calorimeter before and after the gas 
had passed through it. Swann ^ has pointed 
out that an error arises in assuming that the 
heat conduction through the pipe is the same 
when gas is flowing as when no gas is flowing ; 
in fact the hot gas keeps up the temperature 
of the pii)c in the vicinity of the heater and 
reduces the temperature gradient. The result 
is that less heat is conducted from the heater 
into the pipe when the gas flows through than 
when no gas is flowing. Of course a great 
deal of heat is conducted by the pipe into the 
calorimeter when the gas is flovdng, but the 
greater part of this comes from the gas itself. 
The fact that the average temperature of the 
pii)o is Mgher when the gas is flowing also 
results ill a greater radiation loss from the 
pi])e. The error acts in the same direction as 
the other. 

Swann made some experiments to verify the 
above suggestion, and by attaching thermo- 
junctions to a metallic tube he showed that 
the gradient was affected by the flow along it 
and the results were of the magnitude required 
to account for the difference between his results 
and those of Regnault. 

In Regnault’ 8 time there was a lack of 
knowledge concerning the variation of the 
specific of water with temperature, which, to- 
gether with uncertainty as to the absolute 
scale of temperature, might also cause an 
eiTor of 1 per cent in his results. 

§ (15) Variation or SrEcmc Heat with 
Temperature and Pressure (over Moderate 
Rancjes). — Rcgnault’s observations cover the 
tcmx)erature interval from -30° to 210° and 
pressures from 1 to 12 atmospheres. He found 
that the ajiccific heat of the gases, air, oxygen, 
and hydrogen were independent both of the 
tom 1)0 rat lire and the ])ressure within the limits 
of the oliscrvations. 

The specific heat of COg, on the other 
hand, showed a well-marked increase with 
rising temperature. Regnault’s work was 
I'opeatcd by Wiedemann, who confirmed his 
results. 

Witl^owski investigated the specific heat of 
air at low tomporatures from + 100° to — 170°, 
and found that the specific heat was inde- 
pendent of the temperature but increased with 
pressure. He worked up to a maximum of 

“ TSTote on the Conduction of Heat along a Pipe 
through wliicli Oas is flowing in its Relation to 
Mcas)ireinentB of the Spcciflc Heat of Gases,” P/iH, 
Mag.^ Jan. 1913. 


70 atmospheres. The variations with pressure 
increased as the temperature was lowered. 

The method of mixtures is not suitable for 
the accurate determination of the pressure 
and temperature variation of the specific heat 
of a gas. 

More recent work by observers employing 
the electrical method has supplied data wdiich 



supersede those obtained in the above - de- 
scribed investigations. 

§ (16) Specific Heat of Gases at High 
Temperatures.^ — Holbom and Austin,® and 
later Holbom and Henning,^ have investigated 
the specific heat of gases up to 1200° C. 
Their method is identical in principle with 
that of Regnault’s, but a special t 3 !q)e of 
heater was necessary for hiinging the gas to 
the high initial temperature. Their apparatus 
is shown diagrammatically in Figs, 17 and 18. 



^3 


Pig. 18. 

(i.) Arra7ige7ne7it of Apparatus. The Heating 
Tube . — The gas was heated electrically in a 

2 See also article “ Gases, Specific Heat of, at High 
Temperatures.” 

® Phys. Rev. xxi. Ho. 4. 

^ Ann. der Physiky 1907, xxiii. 809. 
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nickel tube A, about a metre long and of 
1 mm. wall thickness, on which was wound a 
coil of nickel inre. The windings were insu- 
lated from the tube by asbestos. The gas 
was introduced at one end and was heated 
in the coarse nickel hhngs wnth which the tube 
was filled according to the plan of E. 
Wiedemann. At three-fouifihs of its length 
the tube was closed by a disc silver-soldered 
in place, and the gas was led out through a 
side tube into the calorimeter. In this way 
the infiuence of the cool end of the tube was 
eliminated. Otherwise it was found out that 
the gas in passing through the cool portion 
gave up so much of its heat that its tempera- 
ture varied in a marked degree with the rate 
of flow. 

Opposite the outlet tube W a second nickel 
tube B was joined to the heating tube and 
through this a platinum platinum - rhodium 
thermoelement T was introduced. This 
passed through the heating tube A, which at this 
point was kept free from nickel filings by the 
dividing wall M on one side and a disc of wire 
net on the other. The thermo junction lay in 
the outlet tube W, 1 cm. from its free end. 
In this space a thin silver band bent in the 
form of a screw was inserted to prevent 
radiation of the thermo junction to the cool 
calorimeter. The thermoelement consisted of 
wires 0*25 mm, in diameter, which were insulated 
through the greater part of the tube B with 
thin porcelain tubes. The hot junction of the 
thermoelement, which was hardly thicker than 
a single wire, was left bare. 

Special care was taken that the end of the 
thermoelement should not come in contact 
with the tube waU. In one portion of the 
work this was attained by supporting the 
flexible end of the element on a bit of mica 
of the same width as the diameter of the tube. 

The platinum band, which was intended 
for the protection of the thermoelement from 
radiation from the tube wall, also served to 
protect the quartz from the nickel oxide 
which was carried along with the gas current 
in minute quantities from the filings in the 
heating tube. Otherwise this after a time 
became opaque and disintegrated. 

A secondary heating coil of nickel wire was 
placed on the tube B, to compensate for 
the loss of heat by conduction through the 
two side tubes and for the loss of one turn of 
wire on the main coil where the side tubes 
were attached. 

(ii.) The Calorimeter . — The calorimeter K of 
about 0-5 litre capacity was made of pure 
silver 0-5 mm. thick {Figs, 17 and 18). In its 
centre were situated three silver tubes 1-5 cm. 
in diameter, filled with silver filings and 
connected by 0*5 cm. silver tubes. These 
absorbed the heat from the gas as it passed 
through. That the gas actually issued from 


the calorimeter at caloriinetrie temperature 
even when heated to the highest point (800") 
was made certain by tests with a coiistaiitari 
copper thermoelement. 

Later experiments by Ilolborn and Heiuiing 
were made by a similar method with a plai inuiu 
heating tube which extended the temperature 
range to 1400° C. The calorimoUu’ necessarily 
gains some heat from the heating tube, and 
this gain, in the later oxf)crinumtiH, was partly 
compensated by surrounding tlio calorimeter 
with a jacket maintained at a miudi lower 
temperature. 

This compensation was foantl noocHsary ai. high 
tomporaturo in order to prevent an ex(^eHsiv<'ly 
rapid rise of temperature of the calorimc'tic'r : hut 
although it reducos the apparoui. magnitude of ibo 
correction rcnpiired, it does not diminish the aet.ual 
amount of heat transferred and docs iioii n'dmas tlu^ 
uncertainty of the correction. The magniiude of 
the elfcob at high temperatures may 1)(» judged from 
the fact that it was found necessary, in tlu^ (vsixul- 
ments at 1400° C., to maintain the jac^lcct at as low 
a temperature as 40° Ct by passing a stu'aiu of cooling 
water through it in order to prevent iilio oalorinudiT 
rising above 1 15° 0. when no gas was passing. I Tnder 
such conditions the calorimetric cornH^ions h(‘Como 
so uncertain that the probability (^f systicmiatio 
errors must increaHo considerably with rise of t.em- 
peratui*e. 

The rate of increase of the moan si)oeilic 
heat of nitrogen at atmoHi)horio prcHStiro 
between 84;0° and 1340° Ct, shown by the later 
experiments, was about double that found 
in the earlier series. I^oth series of (>xp(u*i- 
mouts could be ropresoutod within ibo limits 
of probable error by the linear formula 

S(,« = -2350(l -l--()()()()8/). 

It appears probable, how(W(U’, that- the value 
of the specific heat at 0° (!. given by the 
formula is too low and that in ilu^ eaH<^ of 
nitrogen the rate of increase is not uniform, 
but increases with rise of temp(u;ature to somo 
extent. 

(iii.) Possible Boiwces of ItJrror,- HiiKa*) the 
temperature of the hot gasos was det(u*min(ul by 
a thermocou plo near the ontranco to tlu^ <ialori- 
meter, and the timo of How of the gas was 
only three minutes, thon^ appears to b(^ some 
doubt whether the cou^fie gave the tru<^ nu^an 
temperature of the inflowing gas, and also 
whether the loss by radiation from tlui eon plo 
was properly corrected for. The value of the 
mean specific heat of air over the i’afig(^ IHO'’ 
to 270° 0. by Holborn and Uonning was 
•2315. This is about 5 per cent smalh'ir than 
the probable value over this range. Tlu^ rate of 
increase shown by the experiments was within 
the limits of probable accura(iy of th <5 work. 

§ (17) SmociFro H kat ok Stkaivt.— RognauH-’s 
value, 0-475 for the specific heat of stoarn at 
atmospheric ])ressuro over the rang (5 125 iio 
225° G. was obtained by taking the dihonmeo 
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between the total heats of steam, superheated 
to these temperatures, as observed by condens- 
ing the steam in a calorimeter. Since the 
dih’erence, corresponding to 100° superheat, 
is only -ihth of the total heat measured in 
either case, it is evident that the method might 
give rise to large errors, h'or this reason many 
writers have preferred to deduce the specific 
heat of steam theoretically in various ways 
from Regnault’s value of the rate of change 
of the total heat of saturated steam, namety, 
0-305 cal. per 1° C., which, as Callendar has 
] jointed out, is subject to the same source of 
error in an aggravated form. Thus Zeuner 
gives 8=0-568; Perry, 8=0-306 at 0° C. to 
0-464 at 210° C. ; Grindley, 0-387 at 100° C. 
to 0-665 at 160° G. 

A direct measurement of the specific 
heat of steam by Brinkworth,^ emplojdng 
the continuous electric method devised hy 
Callendar, gave 8=0-484 at 108° C. Subsidi- 
ary experiments by Callendar in conjunction 
with Professor Nicolson, by the throttling 
calorimeter method, enabled the variation of 
the s])ecific heat \\ith ])ressure to be calculated. 

Those gave the formula 

/^ 73 \ 3*3 

8 = 0-478 + 0-0242^ , 

where p is the pressure in atmospheres. The 
approximate constancy of the limiting value 
0-478 of the specific heat at zero pressure 
over the range 0 to 200° G. was verified hy 
calculating the corresponding values of the 
saturation in-essuro, which were found to 
agree accurately with llegnault’s observations 
over tlm whole range. The theory was also 
veritied by a measurement of the ratio of the 
specific heats of steam by Makower,^ which 
gave values 1-303 to 1-307, agreeing closely 
with that deduced by Callendar. 

The experiments of Lorenz and Knoblauch 
and Jacob and Linde ^ afforded a remarkable 
vcrilication of the theory of the variation of 
the spcciiic heat with xu’essurc. They found the 
spc(!ilic heat at 1 atmosphere to be practically 
constant over the range 100° to 300°, but their 
valiK-, namely, 0-463, is decidedly lower than 
IhignaulPs. 

Holborn and Henning® in their experiments 
on the specihe heat of steam at atmosjjhcric 
prcHsufo, improved Itcgnault’s method by 
employing an oil calorimeter at 110° C so 
as to avoid condensing the steam in the 
(jalori meter. They determined the ratio of 
the speeilic heat of steam to that of air by 
passing eurrents of air and steam in succession 
througb tlio apparatus under similar condi- 

’ Report, of IRA. Committee on (hiscons Explosions, 
H)()H, from wliich ihe iibove is al )stiractod. 

- I*/iil. Trans, Roy. Soe., 1015, eexv. 383-438. 

" Infill. Mag., Feb. 1003. 

Forsch. Ver. Dent, fng., 1005, xxi. 03. 

Loe. eit. pj). 1 and 35; 1000, p. 100. 

« .br/i. Phys., 1005, xviii, 730. 


lions, and obtained the following values of 
the ratio for different mtervals of temiierature : 


Temperature Interval. 

Hatio/Steam. Air. 

110-270° 

1-940 

110-440 

1-958 

110-620 

1-946 

110-820 

1-998 


In their subsequent series with a platinum 
heating - tube at higher tem^jeratures they 
obtained the following j‘atios : 


Temperature Interval. 

Ratio/Steain. Air. 

115-826° 

1-900 

115-1180 

1-973 

115-1324 

2-003 


The second series appears to make the ratio 
about 5 per cent lower at 110-820° than the 
first, which suggests the xJossihihty of constant 
errors depending on the type of apparatus em- 
jjloyed or on the velocity of the gas current. 
The exijeriments of Callendar and Swann 
would make the ratio 2*05 at 100° C. This is 
higher than any of the values obtained by 
Holborn and Henning at 1400° C. 

Holbom and Henning point out that their 
results at 1400° C. cannot be reconciled in 
the case of steam and COg with any of the 
results of explosion methods. They are 6 per 
cent to 13 per cent lower than Langen’s, 
which are among the lowest. But, having 
regard to the fact that the constant-pressure 
method which they employed appears to give 
results so much lower than Joly’s or Callendar’s 
methods at ordinary temperatures, and that 
the experimental difficulties increase so greatly 
at higher temperatures, it does not seem at all 
improbable that a considerable part of the 
discrepancy is to be attributed to systematic 
errors of the constant-pressure method. 

§ (18) Specific Heat of CO^. — The specific 
heat of CO 2 is of great theoretical interest 
in view of the considerable increase shown at 
ordinary temperatures. The table below gives 
the results obtained by various observers : 


TcmpeniturL*. 

Rt-snault. 

Wiedemann. 

S wiinn. 

Holborn. 

0° 

0-1870 

0-1952 

0-1973 

0-2028 

100 

0-2145 

0-2109 

0-2213 

0-2161 

Increase i 

0-0275 

0-0217 

0-0240 

0-0133 


It may also be remarked that the varia- 
tion of specific heat with density observed by 
J oly agrees very closely vith that calculated 
by Callendar ® from the experiments of Joule 
and Thomson on the cooling effect on expan- 
sion. E. G. 

’ “Calorimetry, Change of State,” § 5. 

8 Phil. Mag., 1903. 
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CALORIMETRY, QUANTUM THEORY 

The Variation or Specipio Heat with 
Teimperaturb 

§ (1) The Variation op Atomic Heat. — 
The discovery by Uulong and Petit in 1819 
of the empirical law, that the product of the 
atomic weight and the specific heat is approxi- 
mately the same for all elements, proved to be 
of the greatest practical utility to chemists 
when assigning atomic weight values to newly 
discovered elements ; and further, the simplicity 
of the law directed attention to the possibility 
of arriving at it from theoretical considerations 
of conceivable atomic structures constituting 
a sohd. The mean value for the constant was 
determined by Regnault as 6-38 with extremes 
of 6*76 and 5-7. According to the kinetic theory 
of matter it is easy to see why a relationship 
of the form discovered by Dulong and Petit 
should exist. We suppose that the atoms are 
bound together by interatomic forces tending 
bo bring them to positions of equilibrium 
about which they oscillate ; then in this case 
the total energy of an atom is half-potential 
and half-kinetic ; for the principle of equi- 
partition of energy is assumed to be valid. 
Now in the case of a monatomic gas the energy 
is all kinetic, and proportional to the absol- 
ute temperature. Therefore the atomic heat 
should he half as great in the gaseous state 
as the solid state. The kinetic energy of a 
gramme molecule of a monatomic gas is gRT, 
where R is the gas constant which has the 
value 1*985. Hence, on the supposition that 
a monatomic sohd body is built up of atoms 
each with 3 degrees of freedom, the energy 
content is 3RT, and from this the atomic heat 
at constant volume is obtained by differentia- 
tion with respect to T giving for the atomic 
specific heat the value 3R or 5-955. 

It might be remarked in passing that the above 
equation, according to Boltzmann, is applicable to 
the case of crystals which have at the points of their 
space-lattice molecules of degree of complexity, 
provided that the internal forces acting on each 
atom are proportional to the distance of the latter 
from its equilibrium position, or more generally arc 
linear functions of the change of its co-ordinates. 

Hence the Dulong and Petit generalisation 
is consistent with the atomic theory of matter 
and the equipartition theory of energy. 

For nearly a century, however, the excep- 
tions to the law — carbon, boron, and silicon — 
proved to be an enigma which defied solution. 
As far back as 1872 Dewar ^ and Weber, ^ 
working independently, showed that as the 
temperature increased the specific heat of 
carbon, whether as diamond or as graphite, 
continued to increase. Weber concluded that 
the specific heat of diamond is tripled when the 
temperature is raised from 0° to 200°. 

Phil. Mag., 1872, xliv. 401. 2 Ibid. p. 25 J. 


Dewar’s experiments showed the Hf)eeili(3 
heat of carbon In'tween 30° (1. and the boiling- 
point of zinc (918'’ C.) was 0-32. 

Some three years later Weber publisluMl 
results of further experiments, and prov(Hl 
that from 000° C. upwards the Hp(H‘i(ie li(‘n,t 
of carbon ceased to vary with iiun'on,He of 
temperature and became coin])arable with tliat 
of other elements. J<\n*thor, the diHereiiee! 
between the specific heat of difioreut modili- 
cations disa])pcared. By plotting his rosults 



Weber showed that the Hpocilio lu^at t(mi])ora- 
ture curve was of the form of an old Wnglish 
Ho found a point of inflection for diamond at 
about 60° 0., and that for graphite 0" (1. 

Recent researches have shown that tlu^ 
curve obtained by Weber is typical of all 
materials when the lungo of itiinpcavitni’t^ 
investigated is siillicicntly largo. 

By his development of the teclmi(pio of low 
temperature research l)(^war was abh^ to 



pursue the subject to still lower pern in res, 
and the results for carbon obiaiiXHl up to 
1912 are shown graplihuUly in /% 1. M()r(^ 

recent research by various inv(wtigal,orH 
employing the olcctri(ial UK^thod has shown 
that the general form of the aio)ui<i fi(‘a,t 
temperature curve dofloly rosomhh^s iln^ curve 
of magnetisation of a ferromagnetic substjuuK^ 
under a steadily increasing magnetite for(u% 
with its very gradual beginning, its Huhs(Mpuuit 
rapid rise, and its final asymptotics api)roac,h 
to a hniitiug value. A few typicsal emwe^s arcs 
shown in Fig. 2, the curve being obtaincnl 
by calculation from 0 ^, and tins values of (l^, .. ( 

“ Phil. Mag, 1875, Sor. I, xllv. 285, 
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§ ( 2 ) TtiE Quantum Theory Explanation. 

No satisfactoiy explanation of these facts 
was forthccnning until the development of 
the (Quantum theory and its application to the 
prol)lem of specific heat by Einstein,^ Nernst 
and Lindemann,^ Debye, ^ and others. 

TJiese physicists developed formulae con- 
necting the specific heat of a solid at constant 
volume with the gas constant R, the quantum 
constant the frequency r, and the absolute 
temperature T. Debye’s formula involves a 
quantity the maximum value of the 
freciuency which can occur. 

In the formulae quoted below is written 
for the quantity h/R. 

For further details reference should be made 
to the article “ Quantum,” Vol IV. 

The specific heat formulae found are 


0. 

c. 


C«=3R 


VtJ (eWT_i)2’ 


3RrO*/T)=eP-'/T (is,/2Ty-,M2T 


■ (E.)‘ 


_ 12^^" “ v“ r-iiMT f-J^+ ? 

T [n/3p/T 

7?(/i7/T)“ SS(,awTp) ]• '> 

In the last expression v is written for for 
simplicity. 

y])ocific heat is measured at constant 
pressure. Thus to compare \nth the theory 
the experimental results need correcting by 
moans of the formula 

n 

p 

where a is the cioeflicient of cubical expansion, 
e the cocflicieut of volumetric elasticity, w 
tlui atiomh^ wdght, p being the density.^ 

§ (3) ExrKRlMI^NTAL TeST OF FORMULAE. 
— E. H. (h’ifUths and Ezer Griffiths® tested 
the above formulae by means of their experi- 
numtal data for the metals over the range 
120" C. abs. to dOO'-* 0. abs. 

''riuy found that no one of the formulae was 
capal)le of r(q)resenting exactly the experi- 
mental rc'sults over the entire range of 
t(',m|)(u'iiture, even when the values of p were 
choHcm HO as to bring the calculated values of 
tlu^ aIomi(i lu’sat into coincidenco with the 
exp(‘rimental valiums at one temi)eraturo (about 
125" 0. abs.). 


‘ ( 1 . Pfm ., 1007, xxii. 180-800.. 

” Ann. (1. Phm ., 1012, xxxix. 780. 

“ 'PIk' I(‘tt(^rH M., N". h Iv., I). (Unioto Finstcin, Nernst 
and liiirU'marui, end Dc'bye n'Hiu'c.tively, 

8(‘e “ 'Plun-modynaiuicH,'’ §(-18). 

“ Phil. Trans, lioi/. ^oo. A, 214, 


The results are given in Table I. 

Table 1 

Comparison oe tub Experimental Results with 
THE Formulae of Einstein, Nernst and 
Lindemann, and Debye 

Column I. — T, absolute temperature. 

Column II. — Cjj, from the smoothed curves through 
experimental points. 

Column III, — Cj), calculated value from Einstein’s 
formula (E.). 

Column IV. — Cj,, calculated value from Nernst 
and Lindemann’s formula (N. and L.). 

Column V. — Cj,, calculated value from Debye’s 
formula (D.). 

The values of ^p are given at the top of the columns. 


T. 

Cp(obs.). 

Cp (E.). 

C^(N.(feL.). 

Op (D.). 

Aluminii 

JM. 7 

3r=292. 

iS7^=385. /: 

Jpm=385. 

35° 

0-33 

0-12 

0-37 

0-35 

SO 

2-27 

2-18 

2-46 

2'35 

140 

4*26 

4-26 

4-26 

4-28 

200 

5-14 

5d2 

5-10 

5-10 

250 

5*53 

5-49 

5-47 

547 

300 

5-81 

5-75 

5-74 

5-74 

380 

6-13 

G-02 

6-01 

C-01 

Copper. 

13p^222. 

/3p= 285. /3y„i=286. 

33 

0-54 

0*36 

0-82 

0-71 

88 

3-38 

3-60 

3-74 

3-70 

120 

4-58 

4-52 

4*58 

4-57 

200 

5-44 

5 -46 

547 

5-47 

280 

5-80 

5-78 

5-80 

5-80 

360 

6*02 

5-96 

6-01 

6-01 

Zinc. 


/3r=210. jSp,„=210. 

30° 

0-95 

0-84 

1-30 

1-13 

80 

4-09 

4-33 

433 

4-33 

130 

5-31 

5-32 

5-31 

5-31 

200 

5-78 

5 -76 

5'77 

5-77 

280 

6-02 

G-00 

0-01 

6-00 

360 

6-21 

0-19 

G-19 

G-19 

Silver. 

/3p = 157. 

/3r=207. ^Vrrt^2m. 

35° 

1-58 

1-40 

T80 

1-64 

85 

4-42 

4-5G 

4-53 

4-53 

120 

5-20 

5-23 

5'21 

5-21 

200 

6-84 

5-73 

5-78 

5-78 

280 

C-01 

(>•01 

G-01 

G-01 

360 

6-16 

G-IG 

GdC 

0-15 

Cadmium. (3v = ll2. 

(Sr = 143. jSrjn = 144. 

50° 

3-46 

4-02 

4-10 

4-10 

115 

5 -GO 

5 59 

5-GO 

5-60 

IGO 

5-87 

5-85 

5-80 

5-86 

200 

5-99 

5-97 

5-99 

5-99 

360 

6-39 

()-33 

G-34 

G-34 
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Table 1 — continued 


T. 

Cp(obs.). 

Ci>(E.). G^.(iNr.& L). 

C4D.). 

Lead. 


^z/=68. ^r=92. 

1j/to=9L 

23° 

2*90 

3-03 3-06 

2-94 

80 

5-72 

5-75 5-65 

5-64 

120 

5-93 

5-93 5-91 

5-91 

200 

0-10 

6-13 6-13 

G 13 

280 

6-28 

6-28 6-28 

G-28 

300 

6-45 

645 6-45 

645 

Sodium. 

^r = 119. /St' = 152. /; 

3r„, = l52. 

50° 

3-50 

3-87 3-98 

3-95 

120 

5-62 

5-62 5-64 

5-64 

200 

6-17 

6-02 6-04 

6-02 

320 

6-78 

6-36 6-36 

6-36 

360 

7-32 

643 643 

643 

Iron. 


3p=286. /St/ = 376. / 

W=376. 

50° ’ 

0-98 

0-65 140 

0*98 

140 

4-28 

4-28 4-29 

4-29 

220 

5-45 

5-24 5-21 

5-21 

300 

6-03 

5-62 5-61 

5-Gl 

380 

6-37 

5-82 5-82 

5-82 


Note . — Cv was obtained by calculation from the 
formulae and the calculated value of Op — Cu added. 


It will be observed that, generally, near the 
boiling - point of hquid hydrogen, about 30° 
abs., Einstein’s formula gives values which 
are too low ; from Nernst and Lindemann’s 
the values are too high ; while Debye’s formula 
gives values which are in fair agreement for 
Al, Ag, Zn, and Pb, and, in the case of other 
metals, it agrees with the experimental 
values better than either Einstein’s or Nernst 
and Lindemann’s, At liquid air temperatures 
all three formulae give values which are too 
high. 

It is of but little use to calculate the appropriate 
values of v from the elastic constants of the metals, 
since these constants are considerably influenced 
by the nature of the previous heat treatment and of 
the temperature. But it might be remarked that 
the values calculated from the elastic constants arc 
in accordance with those required by the atomic 
heat results as shown by the data in Table II. 

Table II 

Comparison of Frequencies obtained by Cal- 
culation FROM THE Physical Constants 
WITH THE Values assumed in Debye’s 
Formula. 


Frequencies x 10~ ^ = 


Metal. 

Al Fe. 

Cu. 

Ag. 

Cd. 

Pb. 

'^atomic heat) . . 

S-2 8-0 

6-7 

4-5 

3-5 

1-9 

^ (elastic constants) 

8-3 9-7 

G-S 

4-4 

3-5 

1-5 


The above coinpiU’isoii of the fn'qiu'iick'.s , shows 
that the values obtained from tli(‘ s|K'ei(ie heat 
equations are in fair agreement with those' e.nleula(,('d 
from the elastic constants. 

§ (4) Api>lioation ok ])k bye’s and K[H- 
STEIN’S PoRMLir.AE TO THE NoN-I\1ETADS. -- 
Pure metals afford the most rcliabh^ data for 
testing heat theories, but , coniparisoiis with 
the available exporimciitril data foi’ e.oinplex 
substances such as crystalline salts (NaCl, 
KGl, KBr, AgCl) and diamond arc of gi’oat 
theoretical interest. 

One difficulty in making such coniparisous 
is uncertainty in the value of (q, “(q, owing 
to the lack of data concerning th(^ elastic 
constants. As data wore not availabh^ for 
calculating C^, - 0^ from the thormodynanu<ud 
relationship, 

n n 

Lj) — A't) — ^ 

Nernst and Lindemann ^ obtained approxiinaii(^ 
values for by a difTerout procednn'. 


Table 111 


Absolute 

(V- 

- 0,1. 

Temperature. 

a^ewt. 

0;.“TA. 

324° 

Aluminium 

0-24 

0'23 

35-1 

0-26 

0-23 

50 

0*20 

0'2(i 

80 

0-31 

0-28 

100 

0-34 

()'30 

23-5 

Copper 

0-15 

O'il 

27-7 

OdO 

045 

50 

048 

046 

70 

0-20 

047 

90 

0-22 

O' 18 

110 

0-23 

O' ID 

35 

SlJA'ER 

0-21 

0'25 

40 

0-23 

0'27 

60 

0-25 

0'2D 

80 

0-27 

0'3I 

100 

0-30 

()'3'l 

130 

0-32 

()'36 

23 

JU'IAD 

0-35 

O'lM 

28 

()>30 

0'37 

37 

0-43 

O'-IO 

50 

0-47 

0'43 

80 

0'51 

()'4(} 

300 

0-55 

O-ID 


They based their method of cahiulai/ion on 
Gruneisen’s observation that the co(v(flcient 


p 205^ myonmmm H Ion quanta, 1D12, 
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of expansion is proportional to the atomic heat, 
and obtained the approximate relationship 

Gp-C^ = Ca,2TA, 

where A is a constant characteristic of the 
substance which can be deduced from measure- 
ments of the compressibility and coefficient 
of expansion made at one temperature. 

It is possible to test the validity of this 
formulae by comparing the data obtained 
from it with those given by the thermodynam- 
ical equation in the case of the metals Al, Ag, 
Pb, and Gu (see Table TIL). 

Nornst tested the formulae of Nernst and 
Lindemann and of Debye on the data for 
diamond, and Table IV. summarises the 
comparison. 

Table IV 


Diamond /3r = 18(10 for Debye’s. 

==1940 for Nernst and Lindemann’s. 


OlwCii vcr. 

T 


Difference. 

Olm. 

Calc. 

(DeLye). 

Oha.-cale. 

(I)ol).ve) 

01).s.-ciile. 
(N. and L.). 

Nernst . 

88° 

0-028 

0-049 

-0-021 

40-022 


92 

0-033 

0-058 

-0-025 

40-024 


205 

0-618 

0-61 

4 0-008 

0-00 

,, 

209 

0-062 

0-GG 

40-002 

40-01 

»» 

220 

0-722 

0-74 

-0-018 

=0-04 

Wober . 

222 

0-76 

0-75 

40-01 

-0-02 

Dewar . 

243 

0-95 

0-925 

4 0-025 

-0-02 

Weber . 

262 

1-14 

1*10 

40-04 

-0-02 

n 

284 

1-35 

1-32 

40-03 

-0-02 

„ 

300 

1-58 

1-54 

40-04 

-0-01 

„ 

331 

1-84 

1-82 

40-02 

40-01 


358 

2-12 

2-07 

40-05 

40-04 

„ 

413 

2 -GO 

2-61 

40-05 

40-11 


11(59 

545 

549 

-0-04 

40-04 


It will bo observed that Debye’s formula 
gives an ap])roximato representation of the 
experimental results. The Nernst and 
Jiiidemanu formula gives values which are 
too low between 88° and 92° abs. In the 
case of Debye’s the diHcrcnces exceed the 
probable error of experiment, the general 
trend Ixmig for Debye’s formula to give 
values which arc too large at low temperatures 
and too small at high tomijoraturcs. In fact 
the (h'croaso of atomic heat with decreasing 
temperature is more rapid than that given 
by Debye’s formula. Ewald made expori- 
jneuts on the mean atomic heat of diamond 
between 8, *1-8° and 194-0° abs. and found the 
value 0-2119, so that tho total energy 
dilhn-cncio between those temperatures is 
23-35 calorics ; tho value calculated from 
Debye’s formula is 25-34. Koref, employing 
tho co])por calorimeter described in Calori- 
metry, Electrical Methods,” § (13), found 
the mean atomic heat of diamond between 
193-8° and 270-0° to bo 0-864, corresponding 


to an energy difference of 65-8. Debye’s 
formula gives 61 -9 calories for this interval. 

Polyato7iiic Substmices. — The metals and 
diamond are regarded as monatomic struc- 
tures, whilst the molecules of graphite and 
sulphur appear to be compounds of several 
atoms since the atomic heat curve is for these 
much less abruptly curved tow^ards the tem- 
perature axis. 

Nernst ^ has attempted to apply the formulae 
of Debye and Einstein to polyatomic sub- 
stances such as KCl, NaCl, etc. He assumes 
the heat vibration to be of two types : first, 
the vibration of the molecules as a whole in 
exactly the same way as the atoms of a 
monatomic body; and, second, the vibration 
of each atom about its position of rest. The 
vibrations of the atoms are interpreted as 
giving rise to the “ Reststrahlen ” discovered 
by Rubens. Since at low temperatures the 
vibrations of the atoms become much more 
regular, and accordingly the absorption bands 
narrower and more pronounced, it is assumed 
that Einstein’s function apphes to the atomic 
vibrations. 

Hence for the representation of the atomic 
heat of the salts the expression is 

.2C.=P,(^») + F,(^=), 

in which F^, F 2 are the functions of Debye 
and Einstein respectively, the frequency 
calculated from the melting - point,^ and 
that found by Rubens by means of the optical 
method, since these salts show one very sharp 
infra-red absorjjtion band. 

For details of the comparison with experi- 
ment, reference should be made to the original 
papers already referred to. E. g. 


Caloby or Calorie : 

The 15°. — The quantity of heat required 
to raise one gramme of water through 
1° C. at 15° C. See “ Thermodynamics,” 
§ (2) ; “ Heat, Mechanical Equivalent of,” 
§( 0 ). 

The 17°-5. — For some purposes the range 
from 15° C. to 20° C. is taken and the 
calorie defined at 17° -5. 

Gramme. — One-hundredth part of the heat 
required to warm one gramme of water 
from the melting-point to the boiling- 
X)oint at a jiressure of one atmosphere. 
See also “ Thermodynamics,” § (2) ; 
“ Heat, Mechanical Equivalent of,” § (9). 
. Pound. — A British unit of heat, being one- 
hundredth of the amount of heat required 
to raise one pound of water from the 

^ Theory of the Solid State (London Univ. Press). 

® Lindemann, Physik Zeitsch., 1910, xi. 609. Using 
the hypothesis that the melting-point is determined 
by' the fact that at tliis temperature the amplitudes 
of the vibrations of the atoms around their positions 
of rest become commensurate with the atomic 
distances. 




CAMS, KINEMATICS OF— CATHODE RAY MANOMETER 


melting - point to the boiling - point at 
one atmosphere- See also “■ Thermo- 
dynamics,” § (2). 

Cams, Kinematics op. See ‘‘ Klinematics of 
Machinery,” § (6). 

Canal Walls and Eppect on Stream-lines 
OP Moving Ship. See “ Ship Resistance and 
Propulsion,” § (36). 

Carbon Dioxide, Latent Heat op Vaporisa- 
tion OP ; determined by Mathias. Sec 
“ Latent Heat,” § (8). 

Carbon Monoxide, Specific Heats of ; 
tabulated values obtained by Scheel and 
Heuse. See “ Calorimetry, Electrical 
Methods of,” § (15), Table IX. 

Carnot’s Cycle. See “ Thermodynamics,” 
§§ (18), (40); “Engines, Thermody- 
namics of Internal Combustion,” § (5). 
For a Perfect Gas. See “ Engines, Thermo- 
dynamics of Internal Combustion,” §§ (5), 
(6), (23) ; “ Thermodynamics,” § (18). 
For Steam. See “ Steam Engine, Theory 
of," § (2). 

Carpentier - Hospitalier Indicator. See 
“Pressure, Measurement of,” § (19). 

Cascade Method op Cooling ; introduced by 
Pictet. See “ Gases, Liquefaction of,” § (1). 

Cast Iron. See “Elastic Constants, Deter- 
mination of.” 

Crushing Strength. § (39). 

Effect of Temperature on the Transverse 
Strength. § (37) (ii.). 

Tensile Strength. § (38). 

Testing — Transverse Test. § (37) (i.). 


to the pressure this is equivakmt to a piv'SHure 
time record. 'Jdic advantage ol tlu' method 
lies in the fact that t.lic inertia oF lh(' moving 
])art of tlio recorder, the bc'am of eatho(l(‘. rays, 
is negligible. 

The a]q)aratus consists of two parts: (1) 
the pressure vessel, and (2) the eatdiode ray 
oscillograph. 

The pressure vessel is shown in F'uj. L H. 
consisted in Dr. Keys’ oxpcniinents of a brass 
vessel AB, about (fin. in diameter ami .1 Ji in. 
deep closed by a :J,-in. steel f)lat(' 11 K, lu'ld 
down by 12 bolts. The walls of tlio vessed 
were ^ in. thick. A sparking ])big L and a t^ap 



N are fitted in the steel cover. 1)1) is a thin 
lead plate electrically connected to a eop])('r 
wire which passes through an inHulating plug 
G in the side of the vessel. 

Half of the tourmaline crystals, about 1 cm. 
in thickness, are attached by a littih^ wax t.o 
the bottom of the vessel, the otlu'r half are 
attached similarly to a Hte(d plate III. ddie 
lead plate DE separates tlu^se two scdis of 
crystals, which are so ai’raugod that all ih<^ 


CATHODE RAY MANOMETER 


Sir J. J. Thomson suggested the use of Piezo 
Electricity ^ as a means of measuring sudden 
pressures, and the method has recently been 
worked out by Dr. D. A. Keys.® Crystals of 
tourmalin© are exposed to the action of the 
pressure and the electrical charge acquhed, 
which is proportional to the pressure, is 
measured by a special form of cathode ray 
oscillograph. 

The amount of the charge is measured by 
the deflexion of a beam of cathode rays which 
passes between two parallel condenser plates 
which receive the charge separated on the 
tourmaline crystals. 

The beam is also deflected in a direction 
at right angles to this electrostatic deflexion 
by a magnetic field applied parallel to the 
electrostatic field by means of an alternating 
current of knovm frequency, giving a time 
displacement, perpendicular to the electrostatic 
displacement. The beam falls on a photo- 
graphic plate, thus a charge time record is 
obtained, and since the charge is proportional 


^ See article “ Piezo El(‘ctricity,” Vol. II. 

* “A Piezoelectric* Method of nioasuriii^' Explosive 
Pressures.” Phil Mag., 1021. xlii. 473. 



positive faces are in contact with 
plate. There are 5 or (1 (irystalH in (^aoh, lay('r, 
the area of each crystal being about 12 H(|. ton. 
HI is fixed by stool screws to tlu^ l)ottoui of 
the vessel. The lower part of tlu^ is 

filled with vaseline to delay tlu^ transhM' t.o Du' 
crystals of the heat generated by tlui (vxfilosiou. 

When presfluro is applied above III, J)|<] 
becomes positively charged and the amount of 
the charge is proportional to the 
The insulated wire EGP conveys tlu^ <‘harg<i 
to the condenser of the oscillograpb. Tliis is 
shown in Fig. 2. a^ho cathode rays ar(^ 
generated by the fine tungstiui iilanienii h\ 
“ P. (hu’ic, (J^Jurrcn, p. 1(1. 





CATHODE RAY OSCILLOGRAPH— CEMENT AND SAND (MORTAR) 77 


which is heated to incandescence by an 8- volt 
accumulator. The cathode ray tube GG is 
cemented into a brass sleeve BB which is 
soldered into a brass cylinder CC — the axis of 
this cylinder is at right angles to the paper. 
The rays enter the sleeve BB through a small 
hole O, pass between the plates MN of a con- 
denser and then between the poles WW of the 
electromagnet and fall on a 
photographic plate X in the 
cylinder CC. The plate slides 
in a rectangular box within the 
cylinder and can be moved from 
outside.^ A window Y in the 
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cylinder CC closed by a screen of willemite 
allows visual observations to bo made when 
the ])lato is drawn aside and thus facilitates 
adjustment. The electromagnet is excited by 
an alternating current of kno-wn frequency, 
thus tbo time scale is fixed. LL is a brass 
guard tube ^ in. in diameter. This guard tube 
and one of the condenser plates N are con- 
nected to earth and to one pole of a direct 
current generator su})plying a constant poten- 
tial (liffcrenoe of from 3000 to 5000 volts. 
The other pole of the generator is connected 
through a special double- action key S to the 
tungsten filament; the key also 
serves to fire the explosive mix- 
ture. The second plate M of 
the condenser is connected to 
the lead jilato of the pressure 
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Time, Seconds 

FlO. 4. 

ap[)aratuH. On dci')rea8ing the key S the 
catJiodo i)otential supplied by the direct 
current ginierator is first communicated to the 
tube ; a furthew motion of the key detonates 
tlio (diarge. Tlio cathode rays are deviated 
in a direction at right angles to the paper 
by the magnet-ic held, and until the charge 
is fired trace a short vertical line on the 
p}i()togra])liic plate. Tlie electrification of the 
condeuHiu’ plate M due to the ])ressuro produces 
a deflexion of the rays in the plane of the paper 

^ Hir .7'. .1. 7'b()iuson, liai/s of Positive Mcctricitu^ 
10X3, pp. 22-23, JjoiigiiiaiiB, Green & Co. 


and thus the time-pressure curve is traced on 
the plate. The displacement of the spot 
depends on (1) the cathode potential and (2) 
the potential difference produced by the 
charge between the plates of the condenser 
MN ; the apparatus requires calibrating for 
these. For the method of doing this reference 
should be made to Dr. Keys’ paper. 

Figs. 3, 4, 5, 6, taken by permission from his 
paper, give the results of some of his 
experiments ; the effect of the ad- 
dition of air in slowing down the 
explosion of Hg and 0 shown in 
Fig. 3 is very marked. With no 
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air (curve I.) the maximum pressure of about 
220 lbs. per sq. in. is reached in less than 0-0002 
seconds. With some 60 per cent of air in the 
mixture (curve III.) the maximum pressurq^ 
is reduced to less than 60 per cent of its former 
value and the rise continues for about 0-003 
seconds, or some fifteen times as long as 
previously. 

The curve A, Fig. 5, is a time-pressure 
curve for the explosion of gun-cotton under sea 
water; it gives the direct 
wave, while curve B is due 
to the wave reflected from 
■the bottom. Again in 
Fig. 6, the effect of alter- 
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ing the distance of the charge from the pressure 
vessel is shown. 


Cathode Ray Oscillogeaph. See Vol. II., 
“ Radio Frequency Measurements,” § (45). 
Cavitation. See Ship Resistance and Pro- 
pulsion,” § (48). 

Cement : 

Artificial and Natural Hydraulic Cement, 
Tests for Portland Cement. See “ Elastic 
Constants, Determination of,” § (155). 
Characteristic Equations for Tensile Tests on 
Cement and Mortar. See ibid. § (157). 
Setting Time. See ibid. § (158) 

Cement and Sand (Moetae) — Tension 
Testing. See “ Elastic Constants, Deter- 
mination of,” § (156) (ii.). 
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Cemei^ting Materials — Classification. See 
“ Elastic Constants, Determination of,” 
§ (152). 

Centigrade Scale of Temperature : a 
scale, used in all modern thermometric 
’?rork, in which the numbers 0 and 100 corre- 
spond respectively to the freezing- and 
boiling-points of water, in each case at 
pressure of one atmosphere. See “ Thermo- 
metry,” § (2). 

Centrifugal Fluid Tacheometers : For 
measuring number of revolutions per unit 
time. See “ Meters,” § (4), Vol. III. 

Centrifugal Pumps. See “ Air - pumps,” 
§ (32) ; “ Hydraulics,” § (38). 

Channels, Hydraulic Flow in, and Best 
Dimensions of. See “ Hydraulics,” §§ (27) 
and (28). 

Characteristic Curve ” for geometrically 
similar structures of which the corresponding 
parts are made of the same material, and 
Non-dimensional Bases. See “ Dynamical 
Similarity, The Principles of,” § (44). 

Characteristic Equation of State. See 
“ Thermodynamics, Definition of,” § (56 ) ; 
“ for Ideal Gas,” § (57). 

Charles’ Law on the expansion of gases 
under constant pressure states that 

v — Vq( 1 +at), 

Vq and V being volumes at temperatures 0° 
and fy where a is approximately constant 
(for the more permanent gases) and is called 
the coefficient of expansion at constant 
pressure ; it has nearly the same value for 
all the more permanent gases. See ‘ ‘ Thermal 
Expansion,” § (14) (i); “Thermodynamics,” 
§ (5); “Engines, Thermodynamics of In- 
ternal Combustion,” § (14). 

Chattock: Gauge. See “ Pressure, Measure- 
ment of,” § (27). 

CHEmcAL Pumps. See “Air-pumps,” § (19). 

Chezy Formula fob Hydraulic Losses in 
Pipes. See “ Hydraulics,” § (25) (i.). 
Practical form of same. See ibid. § (25) (iii.). 

Chronometric Instruments : For measuring 
number of revolutions per unit time. See 
“ Meters,” § (3), Vol. ILL 

Clapeyron’s Equation. See “ Thermo- 
dynamics,” § (41). 

Clark Cell, Value of E.M.F. of. See 
“ Mechanical Equivalent of Heat,” § (8). 
See also Vol. II., “ E.M.F., Standards of.” 

Class Variable : a non-dimensional group 
of terms connecting a class of problems 
possessing certain geometrical and dynamical 
similarities, the solutions of which are ex- 
pressible as functions of the class variable ; 
if the problem can be expressed in terms of 
a differential equation, the solution is sought 
for as a power scries in the class variable. 
See “ Djrnamical Similarity, The Principles 
of,” § (49). 


Claude's MoDiFiOATroN of Lindio’s Method 

FOR LlQUEFAClTfON OF (JaSFS. S(‘(‘ “ Ga.St\M, 
Liquefaction of,” § (1). 

Clausius’ Theorem : an advama^ towa-rds 
the explanation of dc'partnro of tliei 
behaviour of fiuids from the laws of 
perfect gases. See “ Tliermal J^lxpansion,” 
§(19)(i-). 

Clearance in Steam -enotne Cvlindioks. 
See “Steam Engine, Reciprocating,” §(2) 
(viii.). 

Cleric Two-stroke Engine. Sec “ Engim's, 
Thermodynamics of Internal (t)inbustiou,” 
§§ (9), (34). 

COAL CALORIMETER 

Various forms of apparatus luivc Ixhui 
devised for determining the cnlorilits value 
of coal. In practically all the samplo 

of coal is burned 
in oxygen ; tho pro- 
ducts of combustion 
are jiassed into a 
known quantity of 
water at a known 
temperature, and 
tho rise of tempera- 
ture is measured. 

Fig. 1 is an illus- 
tration of tho Roson- 
hain calorimeter as 
manufactured by 
the Cambridge and 
Paul Instrument 
Company. Tho 
instrument consists 
of tw^o parts, tho 
calorimeter proper 
containing tho water 
and the combustion 
chamber in which 
tho sample is burned. 

The combustion 
chamber is formed of a glass himp ebiiniuy 
closed at tho to]) and bottom by nud-al <'la.ni fl- 
ing plates, separated frotn tlie glass by niblxu’ 
washers and hold together by elam fling screnvM 
on three uprights fixcnl to tlu^ ]ovv(U' plalv ; 
tho wires connected to the eh^ctrui igniCon 
arrangement jiass through the u|i|i(U’ filaiiC and 
also a tube for the supply of oxygem. 1'lu^ 
whole chamber is immersed in tho wat{n‘ of 
calorimeter. An aperture in tho plate is c,loH('d 
by a ball valve through which thc^ firodmd-H of 
combustkm can issue into tho water, bull which 
prevents the entry of w^atcr into the combus- 
tion chamber. On the (uimfiU^tiori of the 
experiment tho valve is raiwul, allowing some 
water to enter ; this is afterwards for(uid 
out by the oxygon and mixed with tJu^ n^sti of 
the w^ater, thus ensuring that tlu^ calor’inuder 
and its contents arc brought tio one tenifKU'a- 
ture. To reduce tho radiation Iohsoh the whole 
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instrument is placed within a wooden case 
with a glass window in one side. 

Oxygen from a supply at suitable pressure 
is passed through a coil of metal piping to 
bring it to the temperature of the room and 
then through a wash bottle fitted with a 
thermometer; from this it enters the ignition 
chamber ; the temperature of the water is read 
and the coal ignited by connecting the ignition 
device to a four- volt accumulator ; when the 
ignition is complete the chamber is washed out 
and the temperature again read. A knowledge 
of the water equivalent of the calorimeter is 
required, and this is most easily obtained by 
carrying out an experiment with a sample 
of known calorific value ; if the temperature 
range during this experiment is approxi- 
mately the same as that which occurs in the 
ordinary use of the instrument, the correction 
for radiation will be also covered. For 
accurate work the radiation correction can 
be found in the manner described in the 
article on “ Fuel Calorimetry.” 


CoiiiFPioiRNT OF Performance of a Refriger- 1 
ATING Machine is the ratio of the heat 
taken in from the cold body to the work 
spent in the compressor (in heat units). See 
“ Refrigeration,” § (3). 

Coefficients, Pressure- and Volume-, of 
Gases. The constant (pi(,o - Po)/100po = I/Tq 
is the “ pressure-coefficient ” of a gas at the 
initial pressure stated. 

The constant - Vq)I100vq = IITq is the 
“ volume- coefficient ” of a gas at the pressure 
stated. See “ Temperature, Realisation of 
Absolute Scale of,” § (18). 

Coefficients of Viscosity for Fluids, 
Experimental Determination of. See 
“ Friction,” § (3). 

Cold Stores, Refrigerating Machines for. 
See “ Refrigeration,” § (4). 

Collodion Diapjiracjm Gauge. Sec “ Press- 
ure, Measurement of,” § (23). 

Compound Mnotnes. Sec “Steam Engine, 
Reciprocating,” § (3). 

Compressibility, Kffect of, on the Motion 
of a Body THiiomni a Viscous Fluid. Sec 
“ Dynamical Similarity, The Principles of,” 

§ 

COMIUtEHSIBILITY OF FlUID, ISOTHERMAL AND 
Adiauatto. See “ Thermodynamics,” § (55). 

Compression of Gas causes Keating : 
Explanation on Molecular Theory. Sec 
“ Thermodynamics,” § (GG). 

Compression Members in Structures. See 
“ Structures, Strength of,” § (15). 

Com PRESSOMETERS : The Yale, Wisconsin, 
Dwing, Marten, and Unwin Instruments. 
See Elastic Constants, Determination of,” 
§ (54). 

Compressors, Theory of. See “ Air-pumps,” 

§( 1 ). 


Concrete : 

Determination of Tensile Strength. See 
“ Elastic Constants, Determination of,” 

§ (137). 

Determination of Transverse Strength. See 
ibid. § (139). 

Effect of Vibration, Jigging, and Pressure on 
the Strength. See ibid. § (141). 
Condensation, High- vacuum. See “ Steam 
Engine, Theory of,” § (8). 

Condensation of Supersaturated Vapour 
AS influenced by Surface Tension. See 
“ Thermodynamics,” § (54). 

Condenser, Steam-engine. The use of a 
separate condenser was one of great im- 
provements introduced by Watt. See 
“ Steam Engine, Theory of, § (3) ; “ Steam 
Engine, Reciprocating,” § (4). 

Conductivity : 

Definition of Thermal. See “ Heat, Con- 
duction of,” § (2). 

Discussion of Methods of measuring Thermal. 
See ibid. § (9). 

Relation of Thermal and Electrical. See 
ibid. § (10) (i.). 

Values of Thermal, for Solids, Liquids, and 
Gases. See ibid. Tables I. to V. 
Conductors of Heat : 

Medium, Methods of measuring Thermal 
Conductivity of. Cylindrical Method — 
Wall Method. See “ Heat, Conduction 
of,” § (4). 

Medium, Values of Thermal Conductivity of. 
See ibid. Table II. 

Poor, Methods of measuring Thermal Con- 
ductivity of. Spherical Shell Method — 
Cylindrical Shell Method — Wall Method. 
See ibid. § (3) (i.), (ii.), and (iii.). 

Poor, Values of Thermal Conductivity of. 
See ibid. Table I. 

Conservation of Energy : 

Mayer’s Enunciation of Law of. See 
“ Mechanical Equivalent of Heat,” § (1). 
Joule’s Experiments on. See ibid. § (2). 
Conservative Systems of Forces. When 
the total work done by any system of forces 
during a series of displacements which 
bring the bodies acted on back to their 
original configuration is zero, the system 
is said to he a conservative one. 

Constant Pressure Cycle, Internal Com- 
bustion Engines. See “Engines, Ther- 
modynamics of Internal Combustion,” § 
(29). 

Constant Volume Cycle, Internal Com- 
bustion Engines. See “ Engines, Ther- 
modynamics of Internal Combustion,” § 
(32). 

Constantinesco System of Power Trans- 
mission by Wave Motion. See 
“ Hydraulics,” § (66). 

Continuous Beams. See “ Structures, 
Strength of,” § (11) 
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COiS^TEACTiOiSr OF Area at Fracture. Seo 
Elastic Constants, Determination of,” 
§ ( 18 ). 

C02TVECTI0N OF HeAT ! 

Forced. See “ Heat, Convection of,” §§ (1), 
(2), and (3). 

From Fine Wires and Cylinders, See ibid, 
§ (2) (ii.) and § (4) (iv.). 

Natural. See ibid^ §§ (1), (4), and (5). 

COOLINO CORBECTION, METHOD OP CALCULAT- 
ING, IN Method op IMixtures : Hiimford’s 
Procedure — Rowland’s Method. See 
“ Calorimetry, Method of Mixtures,” § (7). 
Cooling of Body in Quiescent Gas, Rate 
OF ; considered by the method of dimensions. 
See Dynamical Similarity, The Principles 
of,” § (28). 

Cooling of Moving Body in a Gas, Rate of ; 
considered by the method of dimensions. 
See “Dynamical Similarity, The Principles 
of,” § (30). 

Copper, Atoimio Heat of, at Low Tempera- 
tures ; Nemst’s values for, tabulated. See 
“ Calorimetry, Electrical Methods of,” § (11), 
Table YI. 

Copper and Cuprous Oxide, Emissivity 
OF; determined by optical pyrometer. See 
“Isometry, Optical,” § (19). 

Copper, Solid and Molten, Emissivity 
of ; determmed by optical pyrometer. See 
“ Pyrometry, Optical,” § (21). 

Copper, Specific Heat of : 

At Various Temperatures ; tabulated, with 
the Atomic Heat. See “ Calorimetry, 
Electrical Methods of,” § (10), Table V., 
§ (12), Table VIIL 

Studied by Harper over the range 15° to 
50° C. See ibid. § (12). 

Corliss Valves for Steam Engines. Soe 
“ Steam Engine, Reciprocating,” § (5) (i.). 
Cornish Engine. See “ Steam Engine, 
Reciprocating,” § (13). 

Corresponding States, Van der Waals’ 
Theorem of. See “ Thermodynamics,” 
§ (60) ; “ Thermal Expansion,” § (20). 


Counter Instruments; Kor lueaHuriiig 
number of rovolutious jier unit time. W(h^ 
“ Motors,” § (1), Vol. in. 

Cranes, Hydraulic. Seo “Hydrjuiii<\s,” § (50), 

Crank Effort Dfagrams. Seo “ Kineinalhis 
of Machinery,” § (8). 

Critical Constants for VAiirous Flit ms. 
Experimental Values for. See “ Thm-iual 
Expansion,” § (30). 

Critical Point, Temperature and Press- 
ure, Definitions of. See “ 'Thermo- 
dynamics,” § (37). 

For Calculation of Critical Daiia from (Ur* 
Waals’ Equation, see also §§ (59) and (60). 

Critical Pressure, Reerkhmiation above 
the. See “ Refrigeration,” § (2), A’/f/. 7. 

Critical Temperature. Tlio t('mi)eratMi’(T to 
which a gas must bo cooled I>(TDr<' it ejui be 
liquefied by pressure. If jU)ov(' IIrt erit.ieal 
tomperature it cannot be li(|U(4io(l. S(ht 
“ Therm<xlynamic,s,” (37), (-(2) ; “ IjUjue- 
f action of Gases.” 

Crosby Indeoator. Soct “ Prc'ssiii’e, Mc^asure- 
ment of,” § (18) (ii.). 

Crusher Gaikjes. See “ PresHure, M(Misiire- 
ment of,” § (14). 

Crystals, Non - isoTRorro, Expansion oe, 
Soo “ Thermal Expansion,” §§ (8), (9). 
Thermal Cemduetivity of. See “ llc^af', ( bii- 
duction of,” § (1)). 

Current Meters. See “ Hydvatilies,” S (*3). 
Calibration c^f Current Ibid, i? (13). 

Cut-off. The point of tlio ulrola^ al> wbieh 
the supply of stoani to an (‘ngitUT (\vliuder 
ceases is called the “ point of eut-olT.” S(‘(' 
‘SStcam Engine, ReciproeaTing,” (2) (iv.). 

Cycle of Operations for Internal (!om- 
BUSTioN Engines. S(‘(^ “ Engitu's, Inlii'rnal 
Combustion,” § (2); “ Engiiu^s, TIkm’iuo- 
dynamics of Int(R*nal ( lombiistioii,” §§ (2), 
(28) ; “ Thcnnodyniamics,” § (8). 

Cycloidal Teeth. Sch^ “ Kiiunnaliies of 
Machim'-ry,” § (9). 

Cylinders, Strionotk of. Soe “ Striudain^H, 
Strength of,” § (31). 


D 


Daimler-Langhestee Worm Gear Testing 
Machine. See “Dynamometers,” §(C) (L). 

Dalton’s Law of Partial Pressures 
IN Gaseous ]\Iixtures. See “ Thermo- 
dymamics,” § (62). For proof of Dalton’s 
law on the molecular theory of gases soo 
also § (66). 

Dajviped Harmonic Motion. If the dis- 
placement of a point from its equilibrium 
position is given by an expression of the 
form sin (wi -Pe) the motion is said 

to be damped harmonic motion. 

Day, Clement, and Sosman, 1908-1912 ; 
comparison of gas-thermometer with second- 


ary standards of tomixn'aturc^ in rang(^ 500“ 
to 1000". S('o “ T(nnp(R'atur(\ Ri'alisaiion 
of Absoluto Sc-alo of,” § (39) (xiv.). 

Deeley’s Experiments on Enim ■ Piuotion. 
Tables. Soe “ Friction,” § (28). 

Deflection of Beams. “ Htru(’tinr(^s, 

Strength of,” § (9). 

Deflection Diactram for a Eh, a m e. S(h^ 
“ Structures, Strenglh of,” § (2*1). 

Degree of Freedom, Definition of. 

“ Kinematics of Maclunery,” § (2). 

Degree of Freedom, Ecjuipartition of 
Energy amongst eacth. Schj “Thermo- 
dynamics,” § (66). 



DENSITY OF SOLID— DYNAMICAL SIMILARITY, THE PRINCIPLES OF 81 


Dentsity of Solid, compared wdth that of 
licxuid, for various substances, tabulated. 
See “ Thermal Expansion,” § (31). 

Developed Area of a Screw-propeller is 
the sum of the actual areas of the blades 
irrespective of shape. See “ Ship Resistance 
and Propulsion,” § (41). 

Deville and Troost, 1857, used iodine in a 
bulb of porcelain to compare gas-thermo- 
meters with secondary standards of tem- 
perature in the range 500° to 1600°. See 
“ Temperature, Realisation of Absolute 
Scale of,” § (39) (iii.). 

Diaphragm Pressure Gauge. See “ Pressure, 
Measurement of,” § (21). 

Diesel Engine. See “Engines, Thermo- 
dynamics of Internal Combustion,” §§ (31) 
and (^0) ; “ Engines, Internal Combustion,” 
§ (15) seq. 

Dieterici, Experiments of, in determination 
of Latent Heat of Steam. See “ Latent 
Heat,” § (1) (ii.). 

Differential Pulley Block — Weston’s 
Principle. See “ Meehanical Powers,” 

§ (2) (ii.). 

Diffusion, Increase of Entropy due to. 
See “ Thermodynamics,” § (62). 

Diffusion Pumps. See “ Air-pumps,” § (41). 
Gaodc’s. See “ Air-pumps,” § (42). 

Diffusivity : 

Definition of Thermal. Sco “ Heat, Con- 
duction of,” §§ (2) (ii.) and (12). 

Thermal, of Soil. See ibid. § (12) (i.), 
Table VI. 

Thermal, of Various Substances. See 
ibid. Table VII. 

Dimensional Eormula of a Physical 
Quantity. An expression showing which 
of the fundamental units enter into the unit 
of the quantity, with their dimensions, e.g, 

[E] = [MLT-=^], 

E being the unit of force, M, L, T those of 
masH, length, and time. 

Dimensions of Electrio and Magnetic 
Quantities: Electrostatics. Sco“Dyna- 
mic'.al Similarity, The Principles of,” § (35). 

Dimensions, Homogeneity op, in a Physical 
EiiiTATiON: the fundamental principle that 
all the terms in any equation having a 
])hysical signifioance must necessarily have 
identicial dimensions. See “ Dynamical 
Similarity, The Principles of,” § (5). 

Disc, Tiucory of the Sectored, used in 
radiation '[)yromotry to out down the radia- 
tion by a definite fraction so that the same 
galvanometer deflection is obtained for two 
difioront temperatures of the radiator. See 
“ Pyrometry, Total Radiation,” § (5). 

Disc-area Ratio of a Screw-propeller is 
the ratio of the sum of the actual areas of 
the blades {i.e. the developed area) to the 
area swept out by the tips of the blades. 


See “ Ship Resistance and Propulsion,” 
§§ (41) and (44). 

Displacement Diagrams for Points in 
A Mechanism. See “ Kinematics of 
Machinery,” § (4). 

Dobbie-McInnes Indicator. See “ Pressure, 
Measurement of,” § (18) (iii.). 

Double - acting Engine. See “ Steam 
Engine, Reciprocating,” § (2). 

Drifting Test of Metals. See Elastic 
Constants, Determination of,” § (34). 

Drop Test of Tyres. See Elastic Con- 
stants, Determination of,” § (36). 

Drop - Valves fob Steam Engines. See 
Steam Engine, Reciprocating,” § (5) (ii.). 
Ductility, Workshop Test for. See 
“ Elastic Constants, Determination of,” 
§ (14). 

Dynamical Equations in Terms of Dis- 
placement, FOR AN Electric Solid. See 
“ Elasticity, Theory of,” § (7). 

Dynamical Equations in Teems of Stress, 
FOB AN Elastic Solid. See “ Elasticity, 
Theory of,” § (6). 

DYNAlvnCAL SIMILARITY, THE 
PRINCIPLES OF 
I. General Principles 
§ (1) General. — Scientific research concerns 
itself with the discovery and expressions of 
laws as exact relations between physical 
quantities of different kinds. Involved in 
the expression for the magnitude of any such 
quantity are two conceptions — the nature or 
land of unit in terms of which it is represented, 
and the magnitude or number of times the 
unit occurs in the physical quantity considered. 
Thus, in the statement that the earth’s 
diameter is 8000 miles, there is implied the 
nature of the fundamental unit (mile) in terms 
of which the diameter is measured, and the 
number (8000) of these units which are present 
in the physical quantity. If the whole function 
of scientific research consisted in a compari- 
son of quantities of the same kind then the 
desiderata in the selection of a unit could 
be easily defined, and would merely involve 
such considerations as definiteness, non- 
susceptibihty to secular change, and capabih'ty 
of accurate comparison with the quantities to 
be expressed in terms of it. Since, however, 
research in its wider sweep investigates and 
expresses relations between quantities of such 
different kinds as forces, temperatures, 
magnetic moments, etc-, it follows that, for 
simplicity and clearness, not merely must 
these units be selected to satisfy the above 
requirements, but only such units must be 
accepted as express all the quantities con- 
cerned in the simplest manner possible in 
terms of the minimum number of independent 
units. 
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§ (2) Space Units. — For mere geometrical 
relations ^Yhicii are expressions of space truths 
involving lengths, areas, and volumes, it is 
clear that only one independent unit is 
reg^uired, which, apart from convenience and 
form, may arbitrarily be selected as the 
unit of length- of area, or of volume. If, 
for example, V, the unit of volume, be taken 
as the standard dimension, then since the 
product of three lengths provides a volume, 
the dimensions of length would be and 
that of area V^. It is obvious that the 
clearest and, to us, the simplest expressions 
win be obtained by choosing as our standard 
unit a length L, giving as dimensions of area 
and volume L^. 

§ (3) Kinematic Units. — Passing to laws 
involving kinematic considerations it becomes 
at once clear that a new unit must be intro- 
duced to provide a measure of motion, a 
change in length with time ; and once more 
the simplest mode of representation is arrived 
at by choosing, not a unit for speed or accelera- 
tion, and hence expressing the fundamental 
idea of time in a more or less complicated form, 
but by selecting a unit for time, say T. Speeds 
and accelerations are then at once seen to 
have the dimensions L/T and L/T^ respectively. 

§ (4) Dynamical Units. — But the two 
units of length and time are not in themselves 
sufficient to specify quantities which arise im- 
mediately we enter the domain of dynamics. 
At the basis of this section of analysis lies tho 
fundamental idea of force and its representa- 
tions in terms of mass and acceleration. 
Before a full expression for the dimensions of 
dynamical quantities can therefore be set out, 
either a new unit of force must be introduced 
m terms of which, by Newton’s Second Law, 
the dimension of mass could be expressed, or 
a unit of mass must be presumed and the 
dimensions of dynamical quantities derived 
from it. Once more for reasons of simplicity 
we choose the latter. Accordingly, writing 
M as the dimension of the mass unit, tho 
following table of quantities and their dimen- 
sional representation may be drawn up : 


Quantity. Dimension. 

Length . . L 

Time . . . T 

Mass . . . M 

Linear speed. LT"^ 
Angular speed T~^ 
Acceleration . LT“^ 
Momentum . MLT~^ 


Quantity. Dinionsion. 

Force .... MLT~^ 
Kinetic energy . ML“T"^ 
Impulse . . . MLT’^ 

Work .... ML“T"2 
Moment of force . ML-T“^ 
Moment of Inertia ML- 
Dcnsiiy . . . 


§ (5) Homogeneity of Dimensions in a 
Physical Equation.— Since the mathematical 
formulation of any physical law is a statement 
of equality or relationship between physical 
quantities neco.ssarily of like nature, since 
indeed a force cannot he added to a mass 
but only to another force, nor a temperature 


equated to an electric charge but only to 
another temperature, it follows tliat all tlio 
terms in any equation having a ])h;v'Hi(!al 
significance must noce.sHa.rily ba.vo i(l(‘ni,i(*al 
dimensions. In tho expression for the vehxaly 
acquired by a particle in vacuo dropped from 
rest under gravity, for example, 

the dimensions of tho left-hand side are 
(LT-^)‘-^=-Ln’-2, 

while on the right-hand side Uiey are 

LT-='xL-j;-T““, 

the constant being of course non - dinum- 
sional. This fiindament^al principle s(‘rves not 
merely as a check on the intelligibility of any 
formula derived either on experiment.al or on 
theoretical grounds, but (uui be tnfned to 
much greater advantage by ]>roviding a priori 
information regarding tho form wliicdi tlu^ 
result of any investigation ought to tiak(^. It 
will become apparent as the subjecti devolops 
that there exists hero a pot(uit weapon for a 
preliminary analysis of any proposed problem. 
Particularly is this true in the realms of 
, physics and engineering. 

The method that may bo adopted will 
become apparent from a few Him])lc dynaniu’al 
illustrations. Let ua aaaume that thc^ tim(^ of 
oscillation of a ];)cn(lulum in vacuo is t.lu' prol)- 
lem for analysis, in order to (b'lcu'inim^ how 
the period depends ou tho h^ngth of the huh- 
l)onsion, tho mass of th(‘ pcuiduluni bob, and 
tho value of gravity. Without* a pndimimiry 
analysis along the [)r('H(ait liiu's, a/ud failing a 
complete nmthemat.ical inve^stigation, it woubl 
appear at first sight that a compl(d(^ ex|)('ri- 
mental study of the problem would involve a 
threefold Hcries of (^xporlnHud.s corn^sponding 
to variations in hmgtb of HUHp('nHion, mass 
of bob, ami gravity, (husidcu’ the pbyHi(uil 
factors uj)on which the ]>eriod might ]>osMibly 
bo dopoiidont. They ar(\ tnass of hob y//, 
length of suspension ly valium of givivitiy (f, the 
form of attachment possibly, a.n<l the sha.pc^ 
of tho hob. Th(^ hist two fa(^t.orH may or tnay 
not enter, but in any caH(^ it is not* ehuir how 
they can be directly int-rodmuxl by any single 
oonvonient symbol. h(^t us assinm^ timo tiuit 
in all the c.xperiments these an^ invaria.n(, and 
therefore from our a priori knowledge we aHirin 

f/), 

where / represents tlio function wbi((h r<M|nir(^s 
determination. Let us HuppoH('i this (‘xpfuuhxl 
in a power scries in m, U and r/, so that 
^ = :sA?a“Zi'y«, wluu'o tho terms A an! c-onstants 
independent of m, /, ami g and futictions only 
of the shape of the boh. This much, howovcu*', 
wo can affirm, that (*a(ih t*erun in the (UKpi’<\MHion 
must of ne<tessity represemt a* (juantity of t.he 
nature of time, and must therefore Jiave tho 
same dimensions as t. 
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Now the dimensions of 

'Tfflvgz are M®L^(LT--)«' =rM®L^+^T"-*, 

and equating those to the dimensions of t we 
iind 

a; = 0, y + 2 = 0, -2z = l, 

.\x-0, y=ls, 

Hence 

t = SAmHig-i = c^/ 

where c is some unknown constant. A pre- 
liminary analysis of the problem has now re- 
duced the necessity for a threefold set of 
experiments to one experiment, and one only, 
to determine the value of c. We have shown 
in fact that there are not in reality three 
variables w, I, and g i n the problem, but one 
single variable t\/{gll) which groups together 
a whole system of experiments as essentially 
of the same type. What then is the common 
l^rincijde that runs through the problems of 
the times of oscillations of pendula of different 
lengths under different values of <7, that it 
should bo possible to group them together ? 
What is the physical or djmamical significance 
of this grouping ? 

§ (0) Dynamical Similarity. — In the fore- 
going analysis wo might equally well have 
taken t to represent the time taken for the 
pendulum to swing out to a given angle a, 
then t~c\/{Jlg), whore c is now constant, 
when a is constant. It f<jllows at once that 
if two pond Ilia of lengths and Zg, at different 
points on the earth’s surface such that 
gravity is and g^ respectively, are allowed 
to swing, then at all times ti and such that 
^1 pendula vill be dis- 

placed by equal angles. A series of photo- 
graphs on plates of the same size taken of all 
such pendula at any such series of correspond- 
ing times will bo identical. The geometrical 
configuration for all such corresponding times 
are similar. Systems in motion which can thus 
bo grouped togotlior quite generally as pass- 
ing through geometrically identical phases for 
C(iual values of a non-dimensional grouping of 
corresponding (quantities — in the above case 
for equal values evidently of t\/{(ill ) — are said 
to [losHoss dynamical similarity. 

§ (7) Appltoatton to Paiitiol'e Dynamics. 
— Oonsidor a further example from particle 
•dynamics. A qiarticlo of unit mass is qiro- 
jocited with velocity V in a field of force such 
that the acceleration at any iioint (x, y) is 
A(a;, y), what information relative to the dis- 
tance traversed after any time is supplied by 
tlio motbod of dimensions ? For this purpose 
lot us write A((r, y)—a, a{x, y), where a is the 
actual acceleration at some special point, say 
the point of projection and a(a?, y) is the func- 
tion giving, as it wore, the law of distribution 
of acceleration. Under these circumstances 


since both A(x, y) and a are accelerations, 
a{x^ y) must be of zero dimensions. Restricting 
ourselves then to a series of problems for 
which this law of distribution remains un- 
changed although the magnitude of the accel- 
eration at any point may vary — i.e. the function 
a remains unaffected, but a varies from 
problem to problem — we may say that S, the 
distance traversed after any time t, is a function 
of V, the velocity of projection, a the measure 
of the acceleration, and t the time, i.e, 

S=/(V, a, 0. 

Writing as before 

and equating dimensions, we find 

(L) l = a; + 2/, x=\-y, 

(T) 0 = a; + 2y — z—\ + y, 

S = SAVI- Vi. 2A 


Since y is quite arbitrary and may have any 
value whatsoever while still satisfying the 
dimensional conditions, this implies that 


S = Vi.F(|), 


where F represents an arbitrary function. The 
particular case of constant acceleration along 
the direction of motion giving the well-known 
formula 


is readily seen to be of this form, for it may be 
written 




§ (8) Non-dimensional Variables. — It 
should be particularly remarked that the 
problem has reduced itself to the determination 
of the relation between two non-dimensional 
groups of terms S/VZ and af/V, the functional 
relation between the two depending purely on 
the geometrical conditions of the problem and 
in novrise on the dynamical principles in- 
volved, In the same w'aj’’ the case of the 
oscillating pendulum was reduced to the deter- 
mination of the value of the single non- 
dimensional group of terms, t\/{gll) as a mere 
number. 

In general, it will be seen that for dynamical 
problems, at most three equations can be 
obtained from the dimensions of mass, length, 
and time, although there may be less if any 
of these be absent. In general, therefore, if 
there are n quantities upon which the whole 
functional relation depends, the indices of 
three of these quantities can be expressed in 
terms of the others, and there will be left a 
relation between n-3 non-dimensional groups 
of terms. 

§ (9) Application to Planetary Theory. 
— ^As a further example of a slightly different 
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nature showing the insight here provided into 
a problem without actually analysing in detail 
the dynamical conditions, consider what may 
he deduced from Newton’s Gravitational Law, 
regardins the periodic times of planets. 

The attractive force between two planets of masses 
% and ^2 at distance r apart is, according to Newton, 

Accordingly the dimensions ^ of a gravitational 
constant, are 

[i] =[n X r~- 1 =(MLT-2)(L2M-2) =L3M-1T-^ 

If d-be the major axis of the orbit of a planet of mass 
E moving round a central sun S, then r, the periodic 
time of the motion, can depend only on d, E, S, and X*, 

B, S, X)=EAdZ®E^'S*X«, 
T=[r]=[d®E*'S"I-«] 



t{ip-2u^ 

Hence equating like dimensions 

a;-!-3M=0, y+z-u—0. 

-2W = 1: 


u=-h 

T==SAi2(iE)'i ( 

'sy 

(J5 /s\ 


I- 


From which Kepler’s Third Planetary Law 
follows immediately, that the square of the 
periodic time is proportional to the cube of 
the major axis of the orbit. 

But it is not in the field of pure dynamics 
that the method here developed receives its 
most fruitful applications. In almost all 
branches of physics a preliminary analysis of 
any problem that requires investigation, pro- 
vides an insight into the main factors which 
are at work, and thus generally indicates the 
direction in which the research should be 
developed. 

In aerodynamics and aero -engineering, for 
example, we are concerned with the laws of 
air resistance to bodies of various shapes, and 
with the rates at which heated bodies such 
as radiators, etc., will cool in a current of 
air. Especially during recent years have 
innumerable problems of this nature arisen 
w'hich, because of the complex and intricate 
mathematical expressions for the physical 
laws involved, have not yet yielded to 
theoretical analysis. On the experimental 
side, however, a considerable amount of work 
has been carried out, frequently without 
according the results the full interpretation 
that might have been given them from the 
present standpoint. It will become evident 
that only by an analysis along the lines 

I It be convenient to ^v^itc symbolically in 
future — Dimensions of x—lx]. 


developed here can the full and most reason- 
able interpretation for any sue.h work U) 
obtained. 

§ (10) AprLiCATfox TO TiiR M()Tro^r ok 
Fluids. — In dealing with the inotion of tluids 
it is necessary, in tlic first insianee, to s(d- out. 
in detail the defining ])roporiies of that nuMlium, 
quite apart from any thoorios reguirding the 
molecular constitution of the iluid— liciuid or 
gas. In the selection of aueh definitive ^iro- 
pertics, then, wo are only ooikuuuhhI \vilii 
those that are called into acdiion under tiie 
circumstances contoiiiplatcd in the problcun. 
It suffices accordingly to define any fluid as 
dense, viscous, and elastic in the tii’st inHtaue(\ 
omitting for the moment those propm'ties 
that become evident on the applieaiion of 
heat. Other properties may make' tluunsidves 
apparent in special eircumstanees, whilst evini 
some of those enumcrat.ed above may in otiuu' 
circumstances become of little eons(‘(|n(uie('. 
If we are concerned, for example, with iiu^ 
dripping of liquid from a tube, tlie ('hvstie, 
properties of the fluid may bo omitted, its 
viscosity may oven [day only a nunor part-, 
while surface tension ontcu’S as an imiiortanli 
factor since the prol)lcm is clearly a(Tee.t'(‘<l 
by the nature of the conditions at the surfaces 
between the liquid and the air. 

As far as all those pro])ort-ics are <^on(nu*ned 
it is possible to o.xprcss their nH'aHU!’(\ jis 
in the case of purely dynamical qmintiti(^H, 
in terms of the three fundamenfiul imitiS of 
mass, length, and time, from th<^ nu're defini- 
tion of the phjAsioal iiropeiiios they in(.<'n(h^d 
to represent. 

Viscosity, for examiilo, is int.rodiKu'd tii rough 
the coofficient of viscosity (h'firied by: 
^ = viscouH force ])er unit area ])('r uniti v(d(K!i(y 
gradient ; from whieli it follows tluiit tlu^ 
dimensions of /x are 

[/^] = [Force“l/[Arca] x fVelocity grad unit'] 

= (M:LT-2)/(L2) X (T-^) M I/‘>T 

As already indicated, density (p) luis dimen- 
sions ML"®. Surface tension (S), di'lined as a 
force per unit length of a curve, has tluu-dore 
dimensions 

[S] = [Forcel/[Lmigth]. MT-» 

§ (11) SuEirAOic Tionsion'.—Ah an illuHt.ra- 
tion of the use of these ex[)reHsionH, (sonsidtu’ 
the question of determining the siiie of tlu^ 
drops of liquid whhih fall from a ttd)e of 
given diameter when tlu^ li(iiu(l is allowcnl tio 
flow slowly down the tube urnhu* tlu^ inlhuuuu^ 
of gravity and capillary force. On g(uuu’al 
physical grounds — on the basis of (uu* 
expeiionce in fact — we assunu^ initinlly tlniti 
the mass of the drojm will d(q)end on thq 
value of tbo surface tonsiou botwe(Mi tlu^ fi((uid 
and the air, on tbo density of th(^ hhpiid, and 
possibly on its viscosity; and as far as an 
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initial scrutiny of the question is concerned, 
those would appear to be the only properties 
of the fluid that ought to enter. On general 
grounds, moreover, wo are aware that for slow 
motions viscosity plays a very minor part, 
and since in the present instance the motion 
is essentially slow since the fluid is only 
dripping, viscosity might legitimately be 
omitted from the discussion, but whether or 
not this is justifiable is of course definitely 
a question of experiment. The only other 
factor that would enter then is the size and 
shape of the tube. Let the diameter be d, 
but the shape cannot be introduced by any 
definite symbol. 

Let tlio mass of each drop M be presumed a function 
of S the surface tension, p the density, ff gravity, and d, 

M=/(S, /D, g, d). 

Taldng as a typical term in the expansion of this 
function and writing it dimensionally, we 

find 

M=[M] =[S«/3 =(MT~2)x(ML’»)i'(LT-2)=L«. 

Hence equating powers of like dimensions 
--2a; — 23=0, — 

X = 3=— 1-1-7/, W = 1-1-27/. 


The typical term is thus : 

? \Spd-J 




Prom this simple analysis it can consequently 
bo deduced that the problem under discussion 
must be regarded as the determination of the 
law of variation of the non-dimensional group 
Mp/Sd with the non - dimensional group 
Sjgpd^, and that since the form of the ap- 
p)arently arbitrary function 0 can depend on 
nothing but the shape of the tube, the curve 
obtained by plotting MgjBd against Sjgpd^ 
will be characteristic of that shape of tube 
and quite independent of the actual values 
of S, d, p, etc. Actually, it has been found 
by experiment that M the mass of the drops 
is proportional to d the diameter of the tube 
(Tate’s Law). If we now therefore examine 
the function {Sd/g)<p{^lgpd-), it is clear that 
unless the function 0 be a mere constant 
M cannot possibly bo proportional to d, and 
consequently on the basis of one set of in- 
vc^stigai ions during which d alone is varied, 
while S, p, etc. are maintained constant, it 
can be deduced that when all the quantities 
are varied 



whore the constant A may be determined 
from one experiment. 

In the same way, if the drop of liquid be 
sot in vibration, the frequency n will depend on 


p, p, d, and S as before, from which, noting 
that [t?] is T"^, it can easily be shown that 

§ (12) Vibrations of a Gravitating Liquid 
Globe. — A globe of liquid, such as a planet 
in a fluid state, is held together by its own 
gravity, and is set into a state of vibration 
by some external disturbance. What informa- 
tion regarding the frequency of vibration in 
any of its modes can be derived by the 
Dimensional Method ? 

The frequency will clearly depend on p the 
density, d the diameter of the sphere, and h 
the gravitational constant, assuming that 
surface tension and viscosity are without 
influence on the question. Accordingly 
n=f{p, d, h) = '2jApH‘^h^. 

The dimensional expressions for each of the 
quantities d and h are known and have already 
been used. Inserting these it follows at once 
that, 7/ = 0. 

Hence n<=c\^{pk), 

and it appears that the frequency is in- 
dependent of the diameter of the sphere and 
proportional to the square root of the density. 

§ (13) Velocity of Waves. — By a similar 
process of reasoning it is easy to establish 
the formulae for the wave velocity in the case 
of heavy gravity waves in deep sea, v^cepX 
where X is the wave-length, and v^<^^j\p for 
small surface-tension waves. 

A clear insight into the principles of 
Simihtude that he at the basis of this method 
is best afforded by a general treatment of the 
motion of a viscous fluid, correlating many 
apparently diverse phenomena, and laying 
them clear as natural consequences of the 
operation of the general principle of Dynamical 
Similarity. 

§ (14) Motion of a Body in a Viscous 
Fluid. — Let it be supposed that a body or 
system of bodies of given geometrical shape, 
and size specified by the length I of some 
portion of the system, is moving with velocity 
V in a fluid of density p and kinematic viscosity 
v{=fxlp), and for the moment it will be 
presumed that the fluid is inelastic. As a 
matter of actual experiment it is found that 
not until the velocity approaches that of 
sound waves in the medium do its elastic 
properties make themselves apparent. Then 
the velocity v at some point of the fluid 
geometrically fixed with reference to the body 
may quite generally be written as 


p, V, 1), 

while the slope 6 of the stream line at that 

point is ^ 

6=(f)^{y, p, p, 1). 


Applying the principle of Homogeneity of 
Dimensions and remembering that 0, the 
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slope, is of zero dimensions being a mere 
number, it is found that 



The second equation indicates that the shape 
of the stream lines and the direction of motion 
at any time depend only on the value of the 
non-dimensional group \'7/r, and not on the 
separate constituents of that group. The 
magnitude of the velocity likeT^ise depends 
on VZ/r and on V alone. We see in fact that 
provided a system of bodies are all geometric- 
ally similar, their sizes being different, the 
systems of stream lines generated are likewise 
similar, provided VZ/r is maintained constant 
throughout the system. 

§ (15) Reynolds’ Numbee. — As a matter 
of actual experiment Reynolds,^ by a brilliant 
series of investigations, demonstrated that 
the whole process which takes place during 
the motion of a fluid does not depend alone 
on any of the single quantities V, Z, r, but 
on the group ; moreover that for any given 
problem — in his case the flow of fluid through 
circular pipes — VZ/r is a critical variable, 
which when it attains a certain value corre- 
sponds to a more or less rapid change from 
one state of flow to another, from the steady 
so-called stream-line flow to the sinuous and 
turbulent state of eddy formation. Let us 
suppose then that eddying has originated, 
that is to say that the fluid on its passage past 
the obstacle forms in the neighbourhood of the 
sides of the latter a system of eddies which 
are shed periodically. 

§ (16) Frequency of Eddy Formation. — 
Let n be the frequency of these eddies, then 
clearly it can only be a function of V, Z, v, and 
p apart from the geometrical shape of the 
obstacles. 

?i=/(V, Z, I/, p). 

Remembering that the dimension of is T"^ 
and appljdng the method of this article, wo 
easily find 



indicating once more that if VZ/f is maintained 
constant for a series of similarly shaped bodies, 
frir such a system 

V 

I V 

Hence for a given value of VZ/f, and a given 
fluid so that v is also constant, the frequency 
is proportional to the square of the velocity 
or inversely as the square of the size. 

§ (17) Dynamical Similarity in the 
Motion op a Viscous Fluid. — What this 
' P?dl Trans, dxxiv. 935 ; Collected Works, ii. 51. 


iin]>lie 3 may be suiiunaiisod by saying that 
if a series of bodies all of the sanio g(M)metric^al 
shape be moving in a system of lliiids, viseosK ies 
v^, z/g, . . . %vitli velocities V^ VL, . . . tluMi 
provided Yljv is iiiitintained eonstant, [)h()t()- 
graphs of the flow pattern taikeii on einmnato- 
graph films of the same size will all Ix^ idiailieal 
as far as the consecutive geonudrieal eoiiligura- 
tions of the stream lines and eddying sysloins 
are concerned. 

The rates at whieh the j)roeosHOS unfold 
themselves will, however, lie (lilTerent, biniig in 
fact determined by the expiT^ssions for Die ftx'- 
quenoy n, but clearly if the photographs b(^ 
compared at corresponding tinu'S as indiciatixl 
above, the pictures will bo ideutieal. W(^ see 
in fact that the condition, Vljv conHfia.nt, 
involves for geometrical similarity of bound- 
aries, jihysical similarity in the motions. 

This idea has boon soizixl upon and usixl to 
great advantage in aorodynamkial ami naval 
architectural analysis, for, as will bt^ imuuHli- 
atoly seen, it provides the basis for the analysis 
of full-scale jirobloms in aeroplaiUL airHluj), 
and naval construction, by moans of tosi^H on 
models. 

§ (18) Relation between Exiverimenth 
ON Model and on Full Hoale. - ‘Siudi 
analysis, in general, centres itself round the 
question of how, from moasuronuuitH of tlu^ 
forces originated during the motion of tlio 
model, to predict the corresponding lonuss 
that will ho called into play during the mot ion 
of a full-scale macthiuo or part. 

The details of this will he givim in iinotluM’ 
section ('‘ Aoronauiies Scnihoelleetri’),’’ hn|. for 
the purposes of tlu^ {)reH<mt artich’) \V(^ niny 
note the main principh's at work. If It 
resistance of a body of dinu'iislon / in its 
motion through fluid of dimsiify p and viseonity v 
with velocity V, W(^ may say that; R . /(/;, V, /, r), 
and applying again tlui nudhod of tiu^ prc'si'iiti 
article we easily dotm’miiu^ R in tlu^ form 



§(19) Non-dimensional Resistance (lo- 
EFFIOIENT. — Stating the la\\^ of resistainu^ in 
the manner that has boiui followed in priwioiis 
analysis as a relation between two non- 
diinonsional groups of tcu'ms, 



indicating that the qiu^stion of tln^ forei^s in- 
sisting a body in its motion through a vImiuhih 
fluid is most ^iropcwly ropresiudtHl as a curve 
showing the variation of the “ insistaiUH^ eo- 
officiont ” (non-dim<niHional) R/pV^’-* as ordi- 
nate, against Reynolds’ non - (Umeusional 
number VZ/r, as a base. 

§(20) (hlARAOTERISTK) ( lUHVE. —• Nucl) a 
curve will bo characteristic of that shapes of 
^ 8(50 Vol TV. 
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body, but will. be absolutely independent of 
the “ scale ” of the problem and of the con- 
sis Lent set of units in terms of which the 
various factors are expressed. If therefore 
by experiment on a model of an airship, 
aeroplane, or any portion of it, values of the 
resistance coefficient can be obtained for a 
sufficiently wide range of the single variable 
V//r the same resistance derivative will be 
valid for the full scale at the same value of 
VZ/r. In actual practice it is extremely 
difficult, except in rare cases, to attain a 
sufficiently wide range of this quantity, and 
methods of extrapolation supported by full- 
scale experiments have to be resorted to.^ 
Fortunately, extrapolation is greatl 3 r simpli- 
fied in practice by the fact that for increasing 
values of VZ/r, the resistance tends to increase 
steadily as the square of the speed, so that 
R/pV^Z^ and consequently f{Yl/v), tends to 
become constant. 

§ (21) Forces during Accelerated 
Motion. — In the above discussion we have 
merely considered the question of the forces 
called int(j play when the body is in steady 
motion. Can we derive from first principles 
any information regarding the nature of the | 
resistance when the body, moving under an ; 
acceleration say, passes through the velo- 
city Vf without our having recourse to the , 
com])licated mathematics of fluid motion ? 
Employing the same symbols as previously, 
but writing v as the velocity not of steady 
motion but of the body at the instant under 
consideration, and a its acceleration at that 
moment, then following the process already 
adopted we obtain as the exioression for the 
resistance 

t). 

where in addition to the non-dimensional 
group yi/v already obtained, there is now 
introduced the expression aljn- on wliich the 
additional resistance depends, not, be it noted, 
on tl)o acceleration alone, but on the variation 
of this grouj). 

5^ (22) Virtual Mass. — To determine more 
chisoly the effect this produces on the resistance, 
lot R - resistance for steady motion at velocity 
and R -f- 5R the rcsistanco for an acceleration 
term small c‘om])ared to unity, then 

o), 

and 

5-R = paPf,(-l o), 

1 For a full explanation of this, sec “ Aciroiiautics,” 
Vol. iV. 


indicating that the additional force originated 
by the accelerated motion is equal to that 
required to give a mass of fluid 
the acceleration a of the body. But pl^ is 
proportional to the mass of the displaced 
fluid, and consequently it follows that for a 
given value of vljv, the effect of accelerating 
the motion is to give rise to an apparent 
increase in mass proportional to the mass of 
the fluid displaced. 

Measurements of this so-called “ virtual 
mass ” are of inq^ortance in the stability of 
airships where the mass of fluid displaced is 
the same as the total weight of the ship, and 
where consequently the ‘‘ virtual mass may 
acquire a considerable magnitude. It may 
be remarked that for investigations of this 
nature the results would naturally be plotted 
showing the variation of the non-dimensional 
resistance coefficient 'RjpvH^ either with vl(v 
for various values of alfv^ or conversely, 
and for a complete investigation the full 
range, zero to infinity, of aljv^ must he 
covered. 

§ (23) Experimental Determination op 
Virtual Mass. — For longitudinal accelera- 
tions such experiments have been successfully 
conducted.^ A body dropped from rest and 
allowed to fall in a fluid till it reaches its 
limiting velocity, gives at the commencement 
of the fall ?; = 0 and a and I finite so that 
theoretically al/v^-^oz while, when the limiting 
velocity is reached <z=0, and Z and v are finite 
so that a photographic study of the change in 
motion then provides sufficient data to deter- 
mine the virtual mass. 

Numerous and careful experiments have 
been conducted to test the accuracy of the 
deduction that for non-accelerated motion 
of a viscous fluid the state of affairs depends 
merely on the value of vlfv. Reynolds,® as 
already indicated, showed beyond doubt that 
for the flow of a liquid in a tube the pass- 
age from steady to sinuous edd 5 ring motion 
occurs more or less sharply at a definite value 
of tills number. Stanton and Pannell,^ fol- 
lowing up these experiments, verified that 
for air a similar result held. Since then 
numerous predictions from model results in 
aeronautical and marine investigations to full 
scale have completely justified the deductions. 
On the other hand, it is clear that the circum- 
stances of the problem must be such as will 
not involve the origination of properties of 
the medium presumed non-existent. 

§ (24) Effect of Compressibility. — In 
ballistics, for example, we are concerned with 
the motion of a body at speeds approaching 
the velocity of sound, so that one might expect 
that not merely would energy be lost during the 

2 Cowley and Levy, Advisoru Committee for Aero^ 
nauties, R. and M., 012. 

® Trans. JR. 8., lot. cit. 

1 * Ibid. A., ccxiv. 199-224. 
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motion in overcoming viscous forces, but also 
in the production of waves : that is to say, 
we must now regard the medium as being 
both viscous and compressive. Now ^ the 
velocity of sound in a medium of elasticity 
E, density p, and viscosity v, is given generally 

V=/(E, p, >') = SAE“pV, 
and ec^uating like dimensions we easily find 

x — h, y~ ~~h = 

■•■v-is/©' 

To find the modified expression for the resist- 
ance in this case we write 

R=/(p» h y, E), 

and following the normal procedure we derive 



where V is the velocity of sound in the medium, 
indicating that for a given value of vljv, the 
resistance coef&cient depends solely on the 
ratio of the velocity of the projectile to the 
velocity of sound. 

§ (25) Effect of Rotation : Propeller : 
Shell. — If in addition the body possesses a 
spin fi due to rifling, there would be present a 
term OZ/r, 

R _ /I'Z ^ 

V’ v)' 

Two points of importance may be noted. In 
the first place for such high speeds as would 
cause the elasticity of the medium to play an 
important part, the value of vljv w'ould in 
general be so large as already to be well above 
the range for so-called scale variation for the 
viscous forces ; that is to say, further increase 
in value of the term vlJv would have no marked 
influence on the value of the resistance co- 
efficient, In the second place, problems of 
practical importance involving the rotation 
of moving bodies divide themselves under two 
heads ; those in wffiich the term Ql/i) is of 
prime importance as in the case of the pro- 
peller; and those in which the spin has no 
appreciable effect on the resistancie as in the 
case of bodies symmetrical about the axis of 
rotation — shells, bullets, etc. In the latter 
case the rotation exists only for purposes of 
stability and directivity, and plays no measur- 
able part in affecting the resistance.^ Re- 
stricting ourselves to the second part, experi- 
ments on ballistics conducted prior to and 
during the war (1914-18) have succeeded in 
providing a more or less complete representa- 
tion of the forces on a projectile (shell) for 

^ A discussion of the performance of propellers as 
a function of the non-dimensional group fl//e will 
be found under “ Propellers.” 


speeds varying up to and well over 2000 re('t 
per second. It is found that i)l()Uiiig 
the resistance coefficient, against e/V, tlu^ oui'vci 
remains practically straiglit fiiid liori/.oiitial 
until a speed aiiproaching that of sound is 
attained, when it rises steeply and tut-ning 
at the critical speed dimiiusbes^ slowly. ^ It. 
appears then that in the region of this crit.i(iaJ 
speed properties of the mcdiuin (mter which up 
to that point x)lay no part. Tlie most naiur’al 
non-dimensional ' base for ivi)i’csont.atiou tluai 
changes from vlJv at low speed, s to v/V at high 
speeds. 

It may be mentioned in passing tfiat in the 
case of the screw motion of a body not sym- 
metrical about the axis of rotation, such as a 
propeller for examxle, our disemssiou so far 
implies that at speeds at which the viscHnis 
scale effect due to th<^ ])restmce of tJu^ V'///' 
term is no longer of imx)ortan(U) as a variant., 
the term illlv will become the prine.ipal non- 
dimensional base of variation until i.lu^ spo(Hls 
developed apx>roach the velocity of Hound, 
when the now factor vjV will begin to (werciiw^ 
an increasing influonco. The atil.icipation t hat, 
at such high sx)oods a critiiuil Hta.to will s<d in 
is fully borne out by experiment. 

By the method of this chaph'r it is (wiflcnt/ 
that the exprcKsaion for the pitch of i lie not e 
produced by the rotation of a X)ropc‘llcu,' at 
normal sxiecds will bo given by 

«==“/(3. 

whilo for excessive speeds 

Eor such an instrunHuit a-s an Ai'olnui Inirp 
if cZ = dianictor of wires, the pitch of tlu'i note is 



Actually Stroiilial has found (^x[)ei‘iin<mta.lly 
n<-<-(vld) indicating that tlu^ func.tion is a nuu*e 
constant. It should he ixunarkcMl tJuit a 
similar expression was found for the (xu’iod 
of the oddioB produced hy tlui pa.HHage of t.lu^ 
wind past the wii’os, thus sugge^sting tin') 
connection botwoon the two plimiommia,. 

§ (2b) Beductiun of Savart'h Law. .‘\n 
interesting illustration of tln^ powen* poHH<'HH('d 
by the dimensional method of n^hming ('xpea'i- 
mental investigation to the inuK'SHa ry minim nm 
is afforded by tlio investigations of Sava-rt on 
the notes sounded by similar vessc^ls eonlain- 
ing air. The la’^v pr()f)oHod by him aft<‘r an 
elaborate series of exjua’innuits ov(M' extixmu^ 
limits, many notes, and numerous sha-pes of 
resonating boxes, was that tht^ mirnlx^r of 
vibrations ])or second, or pihhi of the rtLsonating 

“ Anuako de (J hinder Jhiris, lyjih, xxix. 
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note, is inversely proportional to the linear 
dimensions of the vessel. His experiments 
included tests on boxes in the shape of cubes, 
prismatic tubes, conical pipes, etc., all of 
which were set resonating in different ways. 
This result, to establish which required such an 
elaborate series of experiments, can be seen to 
follow at once from dimensional considerations, 
for, if n be the number of vibrations per 
second, E and p be the elasticity and density 
of the medium and Z a linear dimension of the 
box, then E, p) and remembering that 

[n\=T-\ [E]- ML- IT- 2 and_[p] =ML-3, it 
is easily seen that \/(E/p) where the 

constant of proportionality depends purely 
on the shape of the vessel : Savart’s Law 
follows at once. 

§ (27) Temperature. — In the foregoing dis- 
cussion it has been presumed that the tempera- 
ture of the medium remains constant, or at 
any rate it does not bring into prominence 
any new property of the medium. It is now 
projjosed to remove this restriction. The 
conception of temperature is of an essentially 
diffc'ront nature from any of those we have 
already discussed. The scale of temperature 
is selected to provide some basis for the 
measurement of “ hotness ” of a body. 
Having at our disposal standards of mass, 
length, and time only, it is manifestly impossible 
by means of them to determine or reproduce a 
tomporaturc ; for this purpose some other 
property of matter as affected by heat must 
bo selected to serve as a standard of measure- 
ment. Accordingly, it becomes necessary at 
this stage to introduce a new unit 0 of 
temperature, and in terms of this and the 
units already adopted it should be possible to 
write down with comparative ease the dimen- 
sional expressions for the quantities that now 
arise. 

In dealing with the conduction and con- 
vection of heat” there are two coefficients, 
characteristic of any particular substance, 
whose dimensions will be required ; they are, 
a quantity measuring the amount of heat 
that must bo given to raise unit volume of 
the medium through unit degree of tempera- 
ture, and a quantity measuring the heat trans- 
ferred across a section of unit depth and unit 
area in unit time for unit difference in 
temperature. These quantities are of course 
rcHj)cctively the specific heat (c) and the 
thornial (londiuitivity (/r) of the medium. 

Expressing heat entirely in terms of energy 
units where it (jccurs, it then follows that 

[cl'-[Hoat]/[Vol.l X [Temp.l = ML-iT-2e“\ 

[Z:J [lIeatJ/[ Length] x. [Time] x [Temp.] 

= MLT-3e-L 

In connection with many problems of convec- 
tion, the effect of tlio expansion of the air 


I under the influence of the heated surfaces may 
attain some considerable importance in the 
transmission of the heat, and as a consequence 
the quantity d is introduced, representing the 
change in density per unit change in tem- 
perature, or 

[5]=ML“3e-i 

§ (28) Rate oe Coolinu of Boby in 
Quiescent Gas. — A s an illustration of the 
utility of the method of dimensions in the 
discussion of problems of cooling, consider 
the rate of loss of heat of a body of given 
shape, of size I of one part, in a quiescent 
atmosphere of density p and kinematic 
viscosity p. If Z; and c have the meanings 
previously attached to them and 0 he the 
temperature difference maintained between the 
body and the gas at a great distance, at which 
the latter is undisturbed by the presence of 
the body, it will be justifiable to write 

7i=/(Z, c, p, V, G), 

assuming that in this case the changes in 
density with temperature are not sufficient to 
affect the question. The modifications intro- 
duced if this condition is violated will be 
apparent, and adjustment easily made. 

Imagining the function / expanded as in previous 
illustrations in the form 

then [h] = [Fk^c^p^p^Q^], 

The dimensions of h, the rate of heat Joss, are those of 
(Heat)/(Time)=ML2T-^. 

ML2T-3=L*+V-s-3ii+2tJ ]\Xl/+2+« fp-Sy-Ss-v 

Q-V-z+w ^ 

[M] . . . y-^z-\‘U=l [L] . . . x+y~z-~3u 

[T] . . . 3y-|-2s4'W=3 [0] . . . y+z — w=o; 
a:==l— 2 m, y = l-\~2u—v, 

z= —^u+v, w = l — u. 

This provides a typical term in the expan- 
sion in the form 



and consequently since u, v, and the numerical 
coefficient of each term may as far as can 
here he determined have any value what- 
soever, it is to be concluded that 

/i.=Zt9/(^^, ^). 

Whether or not all the quantities which have 
been assumed of importance in the deter- 
mination of h actually do enter is a question 
to be decided only by experiment, to which 
we shall return shortly. 

§ (29) Non - dimensional Variants. — For 
the moment it can be concluded that the 
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problem of rate of cooling in this instance 
reduces itself to a consideration of the varia- 
tion not of li alone, but of the non-dimensional 
group TillhQ with the non-dimensional variants 
pk^jPc^Q and cv/k. If we are dealing with the 
rate of cooling in gases then practically cv/yt, 
the ratio of the emissivities for momentum 
®and for heat, is a constant for all gases, and 
consequently this term may be oim'tted from 
the function /. 

A considerable number of experimental 
investigations have been conducted on this 
problem and in all cases it has been found 
that the rate of heat loss varies directly as 
the temperature difference 0. In effect this 
implies that 7i/0 is independent of 0 and that 
consequently f{k“p/l^c^Q) above is a constant. 
Hence 

h=alkBy 

indicating that the rate of cooling is pro- 
portional to the size of the body and to the 
conductivity. The coef&cient a depends of 
course on the shape of the cooling body. 

If, however, it is illegitimate to assume that 
the expansion of the gas due to heating is 
negligible as a factor in heat transmission, but 
that the expanded portions becoming thereby 
relatively lighter -will tend to stream upwards, 
and as a consequence the heavier portions 
downwards, a new term introducing the oliango 
in weight of unit volume per unit change 
in temperature must be considered. Such a 
factor is of course ^(9/>/30) or gr5. 

Hence generally 

h-J{l, li, c, p, V, 0 , gd), 

and following the lines of the previous argu- 
ment 

I- ?)■ 

For the reasons adduced in the former case, 
the final form sufficiently approximate for all 
practical purposes is 



provided the problem is restricted to heat 
transmission in gases. The form of the 
function %, depending as it does on the shape 
of the body under consideration, will now 
be completely determined graphically from 
a single set of experiments for which the non- 
dimensional group Igdjc is allowed to vary 
over a range, for each point of which the non- 
dimensional term h/UcQ is measured. The 
resulting curve obtained, invariable for all 
systems of units, will then be characteristic 
of tho.se special boundaries. 

§ (30) Rate op Cooling of a Moving Body 
IN A Gas, — Problems of great practical import- 
ance arise in connection with the rate of heat 
transmission from bodies in motion in the air, 
as in the case of radiators and air-cooled 


engines. In tiicsc jyroblonis tlio rate of heat' 
transmission will actually dopond on tlu', tnuiH- 
latiomil velocity V in addition to tlu' quantities 
already cmimeratcd above. 'Jiio ini roduetion 
of this extra symbol, as can easily bcj V('ri(ied , 
by an application f)f the dimensional method, 
gives rise to the “fluid motion” t<'rm V7/r 
in the functional expression. If under these 
circumstances it can legitimately be presumc'd 
that the term brought in by the rat(^ of (ihango 
of density would not materially all'eet tlu^ rate 
of heat transmission, an assumption tJuit will 
be examined shortly, then, for reasons alrc'ady 
set forth, v/\ 

or, since Cvjlc is constant for a gas, 



§ (31) ExPEIUMI'JNTAL UnTnUMINATIOK OF 
Unknown Punotion. — In th(^ ease of luMit 
loss from long circular wires past whieh air 
is streaming with vohxijty V, it has b('(Mi found ^ 
that h varies approximait'ly as V^. If for 
the momont this be acc!(q)ted as correels it is 
possible inmiediatoly to detonniru^ the form 
of the function, for the only cxpi’(vsHion for 0 
such, as will make hoc is A\\Vllpj, If 
the wire, moreover, is of clianu'ku,' rr, iti is <iuiti(^ 
legitimate to substitute a for L in this lorm in 
order that when the wir'o is of inlinilK^ length 
there may result a (inite lu'at loss jxu* tmit 
length, it follovrs, tlunvfon', on tJiofon^going 
assumption tliat 

('ly-iM.s/ (T)’ ■ 

since cvjk is constant. 

The most rational method of repn^wmting 
graphically the expcninuMital ivsnlts rvIVrrcMl 
to above would by ploU.ing ih(^ uon- 
dimensioiial term hllkO on th<^ noii-diiiUMisioiud 
base J{Va/p) or from which, if (he 

above law is c.xac.t, a straight liru^ woid<l b(^ 
obtained (jharacioristic of that partieula,r simian 
of wire. 

§(32) Dynamical StMiLAuri'Y.-- It should 
be remarked that if V//r and 
maintained constant from [)rohl('m to probhmi, 
the system of stream liiu's a.nd states of How 
generally will remain geormdaieally simihir, 
for the velocity ?? Jit any point g('o'm('tri<iaJly 
fixed with respect to the body will b(^ of (lie 
form (h\ 

and the argument follows closely that adopted 
in the case of the motion of viseous Iluids, 
already ()utliue(l. 

More recent investigations of the ratx^ of 
cooling of wires in a cunent of air, by L. V. 

^ ffUHHftll, Vhil MiiQ., H)l()^ XX. fiOI. 
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King,^ have sho'vvn the presence of another 
term besides that involving viz. a term 
proi)ortional to the square of the linear dimen- 
sions of the hot body. I^ing in fact found 
that a close approximation to the results he 
obtained for the rate of heat transmission was 
given by the empirical formula 

e^)l (A n''V 5+ B + Ca}, 

where A, B, and 0 are constants for the 
particular gas and shape of wire — circular in 
liis case, L. F. Richardson ^ has suggested 
that the presence of the term c{d-df^la 
indicates that the velocity near the hot body 
is jmrtly produced by the rising of fluid due 
to thermal expansion. It follows, therefore, 
if this is sound, that the additional term 
ought to be expressible in terms of the 
appropriate group already referred to, viz. 
glfc. dpjdd. 

§ (33) More aocurate Determination of 
Unknown Function. — Writing therefore 


and dependent only on the geometrical con- 
ditions. 

II. Dimensions of Electric and Magnetic 
Quantities 

§ (35) Electrostatics. — The treatment of 
electrical and magnetic phenomena from the 
standpoint of the present article presents some 
points of interest. Considering in the first 
place electrostatic quantities, we possess at 
present no means of expressing electric or 
magnetic charge directly in terms of any of 
the fundamental units already introduced. 
Accordingly a consideration of electrostatic 
quantities must introduce a new unit directly 
related to the charge. The simplest method 
of representation is through the quantity K, the 
specific inductive capacity, and the experi- 
mentally known law of force between charged 
bodies. Accordingly w^e vTite 

1 ee' , 

= • -0 =ioree, 

K r- 


as derived on dimensional reasoning, and 
equating this to the empirical formula found 
by King, 

ks.! 


itod that th( 

’.%/(¥) 


it is indicated that the form of the function / 
must bo , 

where P, Q, and R are now mere numbers 
determined solely by the geometrical conditions 
and univcj’sally applicable for any gas once 
tlio values of those three numbers have been 
derived from King’s experimental results. 
The com])lcto formula is consequently 

dOj 




'.>['> v/(? 




-f Q + R- 


qa 


giving the relation between the rate of heat 
loss and the remaining quantities Ic, etc,, 
which were not presumed variable in the 
actual experiment. 

§ (34) Non-dimensional Groups are the 
Real Variables. — The real variables in fact 
in the j)roblom arc the dependent non- 
dimenHioual quantity hjl^O-d^) and the in- 
d(q)ondent non-dimcnKional grou})a aSfcjk and 
qa je . dp! do, w'hilc the most rational graphical 
r(q)rcsontati()n of the experimental results 
would bo (d)taine(l by showing the law con- 
necting the variation of this dependent 
variable witli each of these independent 
variables, tho system of curves obtained being 
then charaederistic of this class of problem. 


1 Phil Tmns . A , 1014, ccxiv. 373-432. 

« Proc. Phm. Hoc. xxxii. Pt. V. 400. A discussion 
of tlic (‘xperinuMilAl n'sulis of niunerous workers is 
from tho Htiiidpoint of the present article by 
A. H. Davis, Phil. Mag., Dec. 1020, xl. 


giving as the dimensions of a charge K^M-L-T'^* 
At once, from the definition of the quantities 
concerned, it isjjossible to draw up the following 
table : 


Quantity. 

Symbol. 

Dimension. 

Charge .... 

e 


Electric intensity . 

P 


Potential difference . 

V 


Current .... 

i 


Resistance . 

' R 

' K'^L'^T 

Capacity .... 

C 

KL 

Specific independent ) 
capacity j 

1 " 

K 


In the same manner, commencing with the 
definition of magnetic ^permeability g. as 


- - — 5-~=iorce, 
g r- 

771 and m' being the strength of two 
magnetic poles, we can draw up a parallel 
list of quantities involved in magnetic 
phenomena, e.g. strength of magnetic pole has 
dimensions g^M^L^T It would appear at 
first sight as if these two lists w^ere quite 
independent and that twm separate units, 
K and fjL, for the discussion of electric and 
magnetic phenomena w^ould require to he 
introduced, hut it is known that magnetic 
and electric phenomena are closely interwnven, 
that currents flowing through wires originate 
magnetic fields in their neighbourhood. 

§ (30) Relation between Electrical and 
Magnetic Units. — We have in fact this con- 
necting link, that if a magnetic pole of strength 
m is made to thread a circuit once in which is 
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flowing a current of strength i, the total work 
done is measured by 

work done=47r?7ii. 

Hence the dimension of the product of mag- 
netic strength and electric current are those 
of work. 

. •. (;iiMiL?T - 1 ) (K’ MiL?T - -) = ML“T - 2. 
[fi4K^] = L'^T = [l/Velocity]. 

The most natural standard velocity to adoxjt 
in such circumstances would be the velocity 
of electromagnetic waves in the particular 
medium, and accordingly we have the relation 
/zK=A/V2, 

where A is some constant which accurate 
experimental investigations have, in fact, 
shoum to be equal to unity. This simple 
yet fundamental relation beWeen fx and K 
enables us at once to reduce the two systems 
of units to one, either by expressing all the 
electrical quantities in terms of magnetic 
units or vice versa. We express them here in 
terms of electromagnetic units as follows : 


Quantity. 

Symbol, 

Dimension. 

Charge .... 

e 


Electric intensity . 

F 


Potential difference . 

V 


Current » . . . 

i 


Resistance . 

R 

gLT"^ 

Capacity .... 

C 

g"'L'V 

Specific indejiendent \ 

K 

g“ w 

capacity / 


Strength of magnetic 
pole i 

m 


Slagnetic force . 

H 

g“%^L“^T‘^ 

IVIagnetic induction . 

B 


^Magnetic permeability 

g 

g 

Coefficient of induct- 
ance / 

L 

gL 


By means of these dimensional relations it is 
possible once more to group together \vhole 
classes of investigations as dependent on the 
variation of certain non-dimensional groups, 
thus indicating a rational method of plotting 
the results obtained. 

§ Appx.,ications. — The following selec- 

tion nf simple results can be derived directly 
by the method of the present article. 

Time taken for a current in a circuit of resistance 
It and inductance L to fall to a given fraction of its 
intensity when switched olT is proportional to L/R. 

A periodic E.M.P. of any form whoso amplitude 
is specified by E and period Stt/p acting on any 


system, of resistance R and iiiduetaucc Ij, jiroduci's 
a maximum current given by 



Fora simple E.M.F. given by Eeospt, it is known that 

W = 1 ■■ 

Expression for the energy per unit volume of an 
electromagnetic field of electric and magiadie in- 
tensities F and H rc8j)ectiv(‘ly is 



The total energy of a charge e of dimension d moving 
with velocity v in a medium of consiaiiis /c and k is 



where V=vclocity of c'leefromagiu'tio wav(‘S in fla" 
medium ; consequently tli(‘ (‘Ic*clrical mass vi, is 



The radiation R from an aecuderated (‘h'etroii in 



where a =» acceleration, and th<‘ radiation is nsHunu'd 
indopondent of the diametiu' of the t'h'ct.ron. 

in. The ArpLiOATioN ok the PiuNOii’hMH ok 
Similitude to Models 
§ (38) Model Experiments and their 
Full-scale Equivalents. — principh's 
developed in the foregoing parngraiphs, 
serving as they do to group togidiluu' protu^Hsivs 
occurring in goornotriiudly similar systcmis, 
lu-ovido the most natural imdihod of apjiroaidi 
to the problem of the relations of imxhds l.o 
their full-scale coniihu’partH. liiK's of 

devolopmont in the ease of tlu^ use of modids 
for the determination of tlu^ wind forei's on 
aircraft have already been (liscussixl. Two 
further aBx)eots of tiie general (pu'stion will 
bo hero treated. What, in the first pla.c(\ must 
a model fulfil as regards working c-ondilions 
in order that its motions and working may 
directly comparable witli iliosc^ of tlx^ full- 
sized machine ? That is to say, wbnX ai’(^ fJni 
relations between weights, (^xttu’mil forei's, 
sx)eedH, etc., that two syshmis inif.ially 
goomotrically similar may eonlhuu' during 
their motion to remain g(X)m(t,ri(*ally similar, 
that the relative positions of tlie |)a,its of one 
system after a time t may always Ix^ similarly 
situated to the relative positions of tln^ eor-re- 
sponding imrts at time //, wlu're t and 1/ Ixmu* 
a constant ratio to cacdi otlun*. Iti is ('l(*ar 
that if those conditions can Ix^ defermimxl 
and a model x)roduced to opcirato safjsfact.orily 
while working under thorn, tluui iln^ fnli- 
scalo machine will also operate saiisfaoiorily. 
The second nspoed, d('aling with tin' sf.ri'ngih 
of construction of tln^ mochfi and of the full- 
scale, will bo tiuated shortly. 




DYNAMICAL SIMILARITY, THE PRINCIPLES OF 


93 


§ (39) Condition for continued Similar- 
ity IN Working of Model and Full-scale. 
— Corresponding to each part of the system 
tlicre will be a scheme of equations between 
the moving forces and acceleration produced, 
of the form 7n(d^xldt^) =X for the model, and 
for the full-sized machine m\d^x'jdt'^)~'K.\ 
where m. and w/ are the masses of correspond- 
ing parts, occupying corresponding positions x 
and x' at corresponding times t and f, X 
and X'' are the corresponding moving forces. 
For continued geometrical similitude at time 
t and V connected by t = where T is some 
constant, there must be x — lx\ m=Mw', and 
X = FX^ W’here Z, M, and F are constants 
determining the scale of the one with reference 
to the other. Hence, inserting these in the 
first equation, 

Mm'Z d-x' 



and the motions will therefore remain identical 
if d/Z/T^F = l, the same equation then apply- 
ing both to model and fnll-scale. Hence the 
moving forces of model and full-scale must be 
in the ratio F, where 



In ihe same way, had the corrcvsponding times 
been eliminated by comparing the systems at 
corresponding speeds ■wo would have found 
that for similarity the moving forces must be 
I)ro])ortional to MV-/Z. 

The following conclusions may accordingly 
be drawn for a comparison of the working 
of a model with that of the full-sized machine : 
Since the w^eights of the parts, regarded as 
external forces, are proxiortional to their masses, 
V^ocZ, and the velocity of working must be 
proportional to the square root of the linear 
dimensions ; external moving forces must 
boar a constant ratio to the weight and must 
therefore increase as the cube of the linear 
dimensions, if model and machine are made 
of the same material. 

IV. Similitude op Structures 

§ (40) Structural Strength. — Turning to 
the question of the relation between the 
stnuitural strengths of models and full-scale 
constructions, it is ])roposcd to show that the 
theoretical basis of model strength tests on 
structures may bo developed in a rigorous 
yet simple form by an application of the 
method of Limensions. 

When a homogeneous prismatic strut of 
length I and flexural rigidity El, simply 
HUi) ported at the ends, is subjected to axial 
end thmst F up to a load given by 



the undeflected position is one of stable 
equilibrium pro'vided the ultimate stress is 
not exceeded. Beyond this so-called Euler’s 
Critical Load, the straight position is one of 
unstable equilibrium. If the strut be deflected, 
as long as the load is maintained the axis 
will continually undergo change in shape 
until it ultimately takes up a form of 
elastica. During this process the yield point 
of the material may be exceeded and the 
material may rupture. The strut may thus 
be supposed to fail for two possible reasons, 
on the one hand because its shape has been 
permanently changed from the straight 
normal position o-wing to the instability of 
that position, and on the other hand because 
the actual material has failed to withstand the 
stresses originated. This conception is of 
course not limited to such a simple structure 
as a strut, for it may be seen that in general 
a framew^ork of any kind may fail for either 
of these tw'o reasons. It is proposed to 
investigate what information may be furnished 
regarding these tw^o types of failure, rupture 
and instability, for a structure in general, by 
an application of the dimensional theory. 

Consider the case of a structure of the type 
of an aeroplane framework for definiteness, 
although the argument is quite general, where 
it is supposed that the assumptions made in 
the ordinary beam theory apply to every part. 
Let the length of one part, say a bay, be given 
by Z, the area of a particular sec'fcion by A, 
moment of inertia I, and the elasticity and 
density of the material of which it is composed 
E and p respectively. Given these quantities 
for this one portion, it will he assumed that 
the shape and geometry of the structure 
involve an exact specification of how to derive 
the corresponding quantities for the remaining 
portions. Let the external load be F, applied 
in some given manner specified geometrically, 
and suppose this is sufficient to produce a 
stress just greater than the yield stress / 
in the material of the weakest member. F 
can only depend apart from the geometry 
and manner of application upon the quantities 
enumerated above, defining the properties 
of the material. These are as follows : 


Quantity. 

Symbol. 

Dimensions. 

Young’s modulus . 

E 

M/LT2 

Area 

A 

L2 

Moment of inertia - 

I 

L^ 

Length .... 

Z 

L 

Density .... 

P 

ll/lP 

Yielding stress . . 

/ 

M/LT2 

Gravity .... 

9 

L/T2 

Load .... 

F 

ML/T2 


Since F, the load which -will cause collapse 
by rupture of the material, must involve 
these quantities grouped together in such a 
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manner as to make the dimensions of the pro- 
duct identical \rith those of P, we may write 
F=^(E, A, I, Z, /), /, g). 

Applying the method already used frequently 
in this discussion, we easily find 


„ El,// A W I\ 
n'l'yg p.' /A’ Z'j’ 


W I' 

/A’ 

where \p for the moment is an arbitrary 
function. Writing 


”EI 


so that this quantity may he considered as a 
non-dimensional critical loading coefficient, it 
follows finally that 




, ,// A W I\ 

p’ /a’ zv 


§ (41) No^T-nmEjrsTONAL Ceitic^l Loabinu 
Coefficient. — ^It is clear from the definition 
of (p that for a given structure where Z, E, and 
I are known cp is uniquely determined when F, 
the breaking load, is found, so that the dis- 
cussion of collapse by rupture may equally 
well be centred round (p. Let it be clearly 
understood that the exact form of the function 
above depends only on the geometry of the 
structure, including the manner of loading 
and the law of distribution of material. 

Out of the general class of framework 
embraced in this discussion so far, let there 
be selected a series of which all members 
are identical with respect to external shape, 
differing only in scale. This implies that A, 
the area of cross-section of any selected part, is 
proportional to Z^, and I to For this series, 
therefore, A/Z^ and I/Z** are constants depending 
only on the geometry, and accordingly the ex- 
pression for 0 now takes the simplified form 



It is not difficult to give an interpretation to 
the two non-dimensional quantities //E and 
W//A. The former, being the ratio of the 
yielding stress to Young’s modulus, may be 
taken as the strain at the yield point, on the 
assumption that Hooke’s Law applies rigor- 
ously over the whole range. In the same way 
Y^z/A is the ratio of the weight of a particular 
member, say the weakest, to the maximum 
tensile or compressive force, as the case may be, 
which that member is capable of withstanding 
witliout yielding, assuming that the section A 
is taken at the position of collapse. 

§(42) J^ON-DIMENSIONAL VARIABLES. — As 
far as a discussion of the breaking load 
coefficient is concerned, it is evident that if 
a scries of geometrically similar structures be 
selected, two distinct non-dimensional vari- 
ables, and two only, functions of the material, 
affect the question. Those are the strain at the 
jdeld point for the weakest member, and the 
ratio of the weight of that member to the 


maximum tensile or c()m])roHwivo foivo it 
can withstand at the })oint of yic'ld. It is 
equally clear, however, that tlu' Ho-<ia,ll(‘(l 
geometrical restrictions determining tln^ dis- 
tribution of the coiistanis of tlu^ nmleihils 
in a comi)osito structure are not uLsoluU'ly 
vital to the above discussion, so tliat violations 
of the laws dctorminiiig the Hclocfiioii of tho 
material from member to moinber would not 
necessarily vitiate tho conclusions arriv(‘d at 
here. For example, one would not bo rigor- 
ously entitled to vary I, A, and M in ccMiaiu 
inoinbeiB, since such a change would (il('a.i’ly 
upset the geometrical similarity of shape and 
the distriliution of force, Avith tlio possibU^ 
result that tho previously wealvcst mendxu’ 
might now not remain such. No sm^h trouI)l(S 
however, could arise if the sdeeiiou of lb(^ 
materials Avas made AAuthout changing lh('S(^ 
factors, but allowing a va.riaiion in/, llm yi('ld- 
ing stress, so long as the ])r(U’iously AV(xi.kest 
member ahvays remains so in the This 

is equivalent to an increased latitude in the 
scope of selection of material. 

(Generally in experinumting Avith a modt'I 
of this nature it is convetiient, of course, ti> 
have corresponding parts in tho model and 
the full-scale structure com])osed of id(mtica.l 
materials. If, for exam[)le, tlio frarm^ of an 
aeroplane was under discussion, Avirc'S in *th(^ 
model would bo composed of tlu^ saanc’* nudal 
as those in tho original ; corresponding struts, 
sjAars, ribs, etc., of the same wood. 

Since the quantities /, E, /, />, ('te., in ilio 
expressions for all I'ehu’ tdtimately tio tiio 
same part of tho model, to ensures g<Mun(d>r'i<‘ul 
similarity in tho widest souse iti follows that' (tu'i 
assiimjAtion that fjV] is a eonstani' is ou(> which 
is obvious experimentally. Uiulm’ ilu'se (ur- 
cumstanccs also WZ/A, as (lan (^nsily Ix' V(‘rili(xl, 
becomes ])ropr)rtional to the limvir dinuMisiou Z, 
The breaking load coefficicuili c/»“, (h('r(dor<g 
Avhon the Aveight of thc^ stru(‘ture contii’i bull's 
towards rupture, is purely a function of /, 

<and the form of the function is (Icstm'niiiKxl 
only by tho sha})e of various parls, tlu'i 
geometry of the loading and th(^ so-ealh'd 
geometry of tho matc'rial. 

§(411) LmiTiKcj Si/M OK A IIkavv Stiuu^- 
TURE. — This ox])rcssioii for (//■* may lilu'wise bo 
supposed solved for I in terms of 0^. I^’or every 
external load coefficuejit this c‘(j nation tlnxi 
determines the size of tho struetnr(^ (loru'Spoml- 
ing to failure. When there is no (‘xUu’ual load 
and failure is duo to Avoiglib alums <p^^(l) 0, 

an equation determining the Btnalh^st si/x^ of 
a structure that will collapse under its own 

AA^eight. 

When tho material is not Hnffici(ailly h(*uA'y 
to involve tho weight of tho stnie-tuix^ appr(‘(l- 
ably as a factor in causing collapse, 1h(‘ t,('rm 
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W If A may be omitted in the general equation 
and the expression for (f>^ takes the relatively 
simple form 




§ (44) Non - dimensional Bases, and 
“Characteristic Curve.” — Let us imagine 
that the weakest member is replaced by 
another of the same geometrical shape and 
size but with a different value of //E, though 
not so different as to prevent its remaining the 
weakest member ; then a test on each one of 
these models will give a particular value of 
breaking load coefficient, and these when 
plotted against //E will give a “ character- 
istic curve ” for the structure of the given 
geometry. For geometrically similar struc- 
tures of which the corresponding parts are 
made of the same material, so that //E is 
constant, the breaking load coefficient becomes 
an absolute constant for the series depending 
for its value purely on the shax>e. It follows 
that a simple test to destruction on a model will 
suffice 'Under these conditions to determine the 
hreal'ing load coefficient and therefore the 
breaking load F for any other member of the 
series of geometrically similar structures. 

§ (45) Failure dub to Instability. — It is 
assumed in this section that the failure is not 
necessarily’' accompanied by collapse or rupture 
in the material, but is due merely to perma- 
nent deformation of the configuration of the 
structure. It follows that, in the expression 
for the critical load, the yield stress does not* 
enter although all the other terms A, E, I, 
p, (7 may do so. Using <l>^ as a critical load 
coefficient defined by FZ^/EI = 0^ then 




'A W I\ 

ea' zv’ 


obtained by the same method as in the previous 
section. 

On the understanding that the structures 
in the series are all geometrically similar as 
rcgaids extcirnal shape without reference to 
material com])osing them, then A/Z^ and Ijl^ 
are constants for the scries, and 





whoT-e W/EA is the ratio of the weight of a 
nu'mlKu* to the tensile or Gom])ressivc force 
ro(piii'(Ml to ]>roduce unit strain at some par- 
ticular section of that member. 

Jf corresponding members of the series are 
made of the same material, then W/EA is 
easily scon to bo proportional to 1, from 
structure to structure, and as before the 
critical loading coefficient 

depends on the size only. 

§ (4()) Okitioal lA)ADrNO Coefficient a 
Constant F(>r Collapse due to Instability. 


— When the weight of the structure is negli- 
gible as far as its effect in contributing to 
failure is concerned, the whole instability 
arising from the external loading, then 0^ 
is a constant for a series of structures of 
identical form irrespective of the material 
of which it is composed, and a test to destruc- 
tion on one model suffices for the series. 

It has been found that the critical loading 
for a uniform prismatic strut of negligible 
w^eight under end thrusts and simply supported 
at the ends is given by 

tt^BI 

F- 

SO that 0 for this structure is tt. For a strut 
under the same conditions, but with clamped 
ends, 0=27r. 

In certain cases of simple shapes of 
structures, it is obvious that the function 0 
may be derived by calculation, as for example 
in the above two cases, but for more compli- 
cated problems w'here the calculation is too 
abstruse a number of points on the character- 
istic curve may be derived by a series of 
tests to destruction on models. 

In the special cases where 0 is a constant for 
the series a single test on one model is clearly 
sufficient. This, as has been shown, applies 
with equal force where the collapse is due either 
to instability or to failure of the material. 

The basis of the experimental method thus 
having been made secure, no scale effect 
difficulty of the type normally arising in, say, 
aerodymamic work being present, it should 
now be possible to proceed to a direct accurate 
test of failure and its causes under various 
circumstances. 

§ (47) Whirling of Shafts. — ^While the fore- 
going analysis applies to structures under 
forces of the static type, a parallel argument 
can be applied where fluctuating stresses are 
introduced, or where parts of the structure 
are in motion. In illustration consider the 
problem of whirling of a rotating shaft of 
given outline and section. As before, suppose 
the geometrical shape longitudinally and cross- 
scctionally to be given, length 1. mass per unit 
length m, and flexural rigidity of a particular 
section EL : then if q be the speed of rotation, 
the deflection d at the centre, say, will be a 
function of 2, m, E, I^, and g, i.e. 


d~f{l, m, E, lo, q). 



on equating the dimensions of the typical 
group. For a shaft of given geometrical 
outline Iff* is a constant dependent on the 
geometry, hence in varying the size of geo- 
metrically similar shafts the ratio of the 
deflection at the centre to the total length will 
depend only on the quantity 
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§ (48) Non-dimensional Variable. — If a 
■wliirliiig speed exists, then,, for some value of 
the ratio d[l will theoretically become 
infini te, or at least indeterminate, and this 
can only occur for some value of the variable 
say a. Hence we find that the 
real variable in whirling shaft problems^ as 
the size and material of the shaft are varied, 
but maintaining the geometrical shape con- 
stant, is In actual fact the whirHng 

speed of a straight shaft is known to be 

' /m 

m 



and for a homogeneous circular stepped shaft 
made up of three portions, the two end 
pieces of length ?/4 and diameter d/4, and the 
central portion of length ?/2 and diameter d, 



Iq being taken for the central portion.^ 

From the foregoing analysis, moreover, it is 
apparent that shafts of identical geometry 
but difEering in size and material will maintain 
their identity in geometry imder rotation 
provided they be compared at corresponding 
speeds and 

7 o / 7 2 /ii 

Erir®“ » V IS 

§ (49) Expansion in Terms of the Class 
Variables. — It has become apparent in the 
application of the method of the present article 
to various branches of physics and engineer- 
ing that in all cases the investigation has 
centred itself round the behaviour of some 
expression represented as a function of a 
certain non-dimensional group of terms. This 
quantity, connecting together as it were a 
whole class of problems possessing certain 
geometrical and dynamical similarities, may 
be termed the chss variable. Many problems 
in mathematical physics expressible in terms 
of differential equations would appear then 
to demand a solution as a function of the 
class variable, and accordingly an expansion 
of the solution of the differential equation is 
sought for as a power series in the class vari- 
able. This method has been applied with 
considerable success to the problem of the 
crippling of struts, the whirling of shafts of 
variable flexural rigidity, and to the motion 
of a viscous fluid. ^ In effect this is simply 
an analytical method of representing the 
“ characteristic curves” on non-dimensional 
bases obtained so frequently in the fore- 
going discussion. iiy. L. 

^ Cowley and levy, PMl. Mag., 1921, xli. 602. 

“ Ibid. 


Dynamioal Similarity 

Experimental verilication of Kiayleigh s con- 
ditions for the motion of fluids in coufact 
with solid boundaries. Sec hriction,” 

§ (16)* 

Rayleigh’s method of detennining the 
essential conclititma which must be ful- 
filled. Sec ihkl. § (lb). 

Dynamics, Particle, ArrmcATioN or Dyna- 
mical Similarity to. Soo Dynamical 

Similarity, The Principles of,” § (7). 

DYNAMOMMTFHS 

§ (1) Fundamental pRiNCirLES.— The work 
done by a prime mover or other ag(Tit wlum 
transmitted by a rotaiiug sba/ft uia.y b(^ ex- 
pressed by and wlu'u by a, moving 

chain, rop'o, or siTnilar »gejit, by IW, where 
P is the force aetiug, It the torciuc^ mau, </> 
the angular displaeemeut, and d Ibo liiHNir 
displacement. 

A dynamometer is an instniment which is 
used for the measurement of fh(^ force P, or 
the torque PR; the values of the (inaniith'H 
(56 and d are usually determined iud(^})(md<‘utly. 

The work done by the prime nu)V(U’ may 
either be absorbed by dynamometer or 
transmitted to a machine in which it is em- 
ployed usefully after having l)ecn measm’('d. 

It is necessary that the instrunuMit ado|>('<Hl 
should perform its finictioii witih a.eeurai(\y. 
The whole of the energy devcdojx'd hy the 
prime mover should be inehuled in tlu'i in(‘HHur(s 
ment made Avithout neghading that ahsorlKxl 
by shaft bearings in the dynamouu'tm* iiH(df ov 
by gearing or bearings which may Ix'i iut(u'- 
posod between the })rime mov('r and the 
dynamometer. 

The load should ho eapahle of lim^ ad- 
justment under rtimiing eondilions, aiul 
this adjustment should |)rof('raJ)Iy Ix^ over 
a conHidera))lo range of powei* in onhw 
that the prime mov<‘r may b(^ tcslnd fi'orn 
its minimum to its maximum ])oyxu' (uipaidity 
without the noecssity for fre(|u<xiily Htopping 
down. 

Tho construction of a dynamometer Hhetild 
be such that it hnpoH(‘s no fore(^ on ilu^ prinu^ 
mover other than that for whieh it» w<m 
designed. For example, a dynamometer 
suitable for testing a p(drol motor slioidd 
exert a yniro t()rc[ne, ()th(u*wiH(^ the motor 
bearings will bo called upon to take loads, 
and tho shaft to resist Ixxuling an<l Hluxir 
stresses, additional to those for wdiich they 
were intended. 

It is desirahlc, in tho ty])e of dyiianumuder 
in whieh the power is ahsorhed, that (ho 
inertia of tho rotating ])artH sliould Ix' smafl 
in order that a sto]>i)age may nvidily Ix^ 
effected if failure of th(' prime mover sliotdd 
occur, as tho energy stonxl in a luxwy rotor 
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revolving at a higli speed may be sufficient to 
cause very serious damage. 

In order that accurate measurements may 
be made, it is essential that the dynamometer 
should apply the load extremely steadily, 
otherwise molent oscillations will be set up 
rendering the employment of heavy dash pots 
necessary, which is undesirable. 

The variation of load with speed for the 
same setting of the apparatus should be such 
that “ hunting ” of the load is eliminated. 

(i.) Absor'ption DynamomMers. — In these 
the energy generated is converted either into 
heat by the intermediary of solid or fluid 
friction, or into electrical energy by means of 
a generator. 

The apparatus in most common use is the 
fluid friction brake, this being simple in 
construction, easy to regulate over a wide 
range, and extremely steady in action. 

The solid friction brake for large powers 
requires considerable experience in manipula- 
tion in order to avoid unsteadiness due to 
violent snatching of the load. In its simplest 
form for small powers, that of the rope brake, 
it is a very efficient and accurate brake and 
runs very steadily if proper precautions are 
taken. 

(ii.) Transmission Dynamometers, for the 
measurement of power transmitted by a shaft, 
exist in three fairly common forms, viz. ; 

(1) Torsionmoters, in which the angle of 
twist of a length of the shaft due to torsional 
stress is measured either optically or by 
mechanical means. 

(2) Torque -meters, in which the torque load 
is transmitted by springs, or by hydrauHc 
plungers, the extensions of the former and 
the fluid pressure set up by the latter being 
indicated or recorded. 

(3) Instruments for measuring the power 
transmitted by means of a belt on the shaft 
of the prime mover. 

The last vary considerably in form but the 
object achieved is the same in each case, viz. 
the measurement of the difierence in tension 
of the belt on either side of the driven pulley. 

Another important form of the transmission 
dynamometer is the traction meter for the 
measurement of the tractive effort of self- 
propelled vehicles. Dynamometers have been 
designed for measuring and recording the 
tractive effort of locomotives, motor cars, and 
traction engines and the tractive resistance of 
railway carriag(^s, wagons, wheels, and ploughs. 

§ (2) Absorptton Dynamometers, (i.) The 
Prony Brahe. — In its original form this brake 
consisted of two stout beams of wood clamped 
upon the shaft or on a pulley fixed thereto. 
The beams were suitably bored in order to 
grip a large proportion of the circumference 
of the shaft, and the nuts on the clamping 
bolts served as a means of adjusting the 
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frictional resistance between the shaft and the 
brake. A horizontal arm, usually an extension 
of the upper beam, supported a load pan on 
which the wmghts were hung, a fine adjust- 
ment being provided by a jockey weight, the 
position of which could be adjusted along the 
beam. The movement of the end of the arm 
was confined within small limits by rigid 
stops, one above and one below the arm. 
Fig, 1 shows diagrammatically the arrange- 
ment. 

Very liberal lubrication of the frictional 
surfaces was necessary to ensure smooth 
running, but at best considerable vibration of 
the arm took place due to the variation in 
frictional resistance between the brake and 
the shaft, the end of the arm oscillating 
violently between the stops and rendering a 
good balance difficult to obtain. 

The torque T exerted by the shaft when 
the brake is balanced is represented by FR 
where F is the frictional resistance beWeen 
the brake surfaces, and R the radius of the 
surfaces ; it is measured by the algebraic sum 
of the moments of the load, jockey weight, 



and the brake beams about the centre of the 
shaft. 

In calculating the horse- power developed 
the factor 0 is required and is obtained by 
means of a tachometer or by revolution 
counter and stop watch. 

The rate at which work is absorbed is 
expressed by 

2tTN 

Horse-power= 

where N is the speed in revolutions per second, 
and T the torque as measured by the brake in 
pound feet units. 

(ii.) Modifications of the Prony Brahe. -r- 
Several improvements and modifications have 
been made on the original brake as first used by 
Prony. They consist chiefly in arranging that 
the grip of the brake blocks shall automatic- 
ally alter with the value of the coefficient of 
friction, thus maintaining the total frictional 
force and therefore the value of T more or less 
constant. 

The Appold brake is shown in Fig, 2 and 
is an example of one of many compensating 
brakes. The wooden blocks forming the brake 
are connected together by a steel band pro- 
vided with a hand adjusting screw at A, the 

H 
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ends of the steel band being connected to the 
compensating lever at B and C as shown. 
The end of the lever D is pivoted to the engine 
frame. The load is supported, as sho\vn, from 
a book attached to the steel band, a pointer 
being provided to indicate when the book is 
level with the centre of the shaft. 

In the normal position the hook is opposite 
the pointer and the lever BD is vertical. 
When the load is lifted, the lever moving about 
D as centre rotates with the steel band and 



virtually increases its length, thus slackening 
the band and partly relieving the load. 

If the load falls, due to the coefficient of 
friction decreasing, the compensating lever 
shifts round in the opposite direction, tightens 
the band, and thus increases the grip and lifts 
the load. 

In practice it is found that nearly as much 
adjustment of the load is required as with- 
out the compensating device, but the chief 
objection to the brake is that when a heavy 
torque is being measured the lever reacts on 
the frame with sufficient force to cause an 



appreciable error in the result obtained if the 
ordinary method of calculation is adopted. 

A better form of compensating brake, but 
one perhaps not so well known, is that designed 
by Mr. Balk and originally used by Messrs. 
Kansomes Sims and Jeffries. It is shown 
diagram matically in Fig. 3. 

The compensating lever is here outside the 
disc of the brake wheel, and is connected at 
B and G to the ends of the strap and the 
load pan is hung from the point D. Suitable 
stops are provided for the lever. The weight 
of the brake adjustment load must be taken 


into consideration in determining the torque ; 
it must bo considered as acting at a radius 
equal to it.s horizontal distance from the' centi'o 
of the shaft, and its rnomout must he (leclu(it.ed 
from that of the hxad B. 

Solid friction brakes may be used to absorb 
greater powers if the wliecl is water (tooled. 
The major portion of the energy whieh is 
converted into heat is thus quickly disposed 
of, and one of the chief H(nirc(‘S of trouble, 
namely overheating, is then nunovcHl. Aft(U’ 
a preliminary period of running with water 
cooling the brake blocks assunu'i a inor(^ 
constant frictional resistance, rendering the 
brake much steadier to run. 

Water cooling of the wheel is very sintfdy 
effected by making the rim of the biviko W'Ihh^I 
of trough section, thus cmabling it to liold 
water when revolving by virtiu'i of the 
centrifugal forces called into action. Walicn* 



the end of the i)ipo Ixung tunuMl in th(^ 
direction of rotation. The outli^t pipe is 
usually flattened at the cud which is dinnhed 
against the stream of water which pa.sHc^s 
round with the wheel and out through tlu^ 
discharge pipe. 

The How is adjushMl until a ri^asonabh^ 
steady temperature is attaiiUMl. 

(iii.) Rope. Brahe , — -For small pow(U'H tlu^ 
rope brakes introduced by the laU^ Lord K(Hviu 
and Professor James Thomson ar(^ very hikuh'sh- 
ful. The fonner is illustrated in Fig. J and lh(^ 
latter in Fig. 5. 

Lord Kelvin’s brake (joiisists of a loop of 
rope wrapped round the (ly wheel of tlu' priiiu^ 
mover, one end of the loop supporliing a 
weight W, the other being hcild v(u*tie,ally l)y 
a spring balance. Wood blocks ar(^ wh'uumI 
to the ropes in order to koo)) them properly 
spaced to prevent the ropes from rul)l)in*g 
together where tlioy leave the wluxd tan- 
gentially. The wood blocks are not uH< 5 (i as 
brake blocks. 
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If the wheel turns in the direction of the 
arrow the torque is represented by (W — w)R, 
where w is the force indicated hy the spring 
balance and R the radius from the centre of 
the wheel to the centre of the rope. 

When the value of the frictional force 
changes, the load rises or falls against the 
action of the spring balance, the brake thus 
adjusting itself to the new condition. 

In using the brake it is advisable to have the 
ropes and wheel rim either perfectly free from 
grease, by using new rope and cleaning the 
wheel rim with petrol, or else thoroughly 
greased. 

If the lubricant is scanty or in patches the 
weight will hunt, rising and falling regularly, 
rendering it difficult to obtain a reading of the 
spring balance with any degree of accuracy. 


the shaft at either end but are free from it, 
and it is free to rotate through a small angle 
in either direction in bearings offering very 
little frictional resistance. On both sides of 
the brake wheel are formed semi-elliptical 
annular channels divided into 24 pockets by 
narrow oblique partitions or vanes which are 
approximately semicircular discs inclined at 
an angle of 45*^ to the axis. The vanes on 
one side of the rotor are inclined at right 
angles to those on the opposite side, but are also 
at 45° to the axis. The faces on the inside of 
the brake casing are formed in the same 
manner as those of the rotor, the vanes being 
in the same planes as those on the adjacent 
rotor face completing the formation of the 
circular disc inclined at 45°. The number of 
pockets m the rotor and stator differ by one 


The brake of Fig. 5 consists 
of fast and loose pulleys 
mounted side by side on the 
driving shaft. It is arranged 
that a rope dipped on the loose 
pulley hangs down over the 
fast pulley on one side and 
over the pulley to which it is 
fixed on the other. 

The frictional resistance be- 
tween the fast pulley and the 
rope causes the loose pulley to 
rotate through a small angle in 
the direction of rotation of the 
shaft, and in doing so it lifts 
a weight suspended by the rope 
hanging over it. At the same 
time the rope over the fast 
pulley, which also supports a 
weight, is, by the rotation of 
the loose pulley, sh'ghtly un- 



wound from the running pulley. 


Fio. 6. 


thus reducing its arc of contact. 


and, therefore, its braking effect. The re- 
sistance is thus automatically adjusted. 

It should be noted that solid friction brakes, 
in consequence of the frictional resistance being 
practically constant over a wide range of speed, 
cannot be successfully employed for the measure- 
ment of power generated by a prime mover such as a 
petrol motor in which tlie torque also remains con- 
stant over the same range of speed. 

In such a case it is extremely difficult to maintain 
the speed of the prime mover at even an approxi- 
mately constant value, and the brake needs continu- 
ous attention if steady values of the power are to 
bo obtained. 

(iv.) The Fronde Water Brahe ^ (Fig. 6). — This 
brake is of the fluid friction type and is very 
extensively used both commercially and in the 
laboratory. It consists of a wheel or rotor 
attached to a driven shaft revolving inside a 
casing through which water is circulated. The 
casing is mounted on trunnions which enshroud 
* See also “ Hydraulics,” §(61). 


on each side. The pockets between the rotor 
and casing thus form complete annular channels 
of elliptical cross section divided into sections 
by the vanes. There is only a very email 
clearance between the faces of the rotor and 
the casing. 

The formation of the channels and vanes is 
shown in detail in the developed section of 
rotor and casing in Fig. 6, the section being 
made by a cylinder passing through the water 
holes shown in the principal section. 

It will be seen that the vanes are inclined 
at an angle of 45° to the direction of motion, 
and that those on opposite sides of the centre 
line are at right angles to each other. 

The difference in pitch of the vanes which 
may he observed is due to the difference in 
the number of vanes in the rotor and casing 
respectively. 

If, in the view shown, the rotor he moved 
until one of its vanes comes into line with one 
of the vanes of the casing, then the line thus 
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formed Is a section across a diameter of an 
approximately circular disc, one half of which 
is formed by the rotor and the other half by 
the casing. The circular disc viewed along the 
direction of motion has the elliptical appear- 
ance shown in the principal sectional view. 

When the shaft is rotated, centrifugal action 
sets up vortices in the pockets in a plane at 
45° to the axis, and the wheel and case are 
thus urged in opposite directions also at an 
angle of 45°. 

The components of the forces produced are 
balanced in the direction parallel to the shaft 
due to the arrangement of the vanes on 
opposite sides of the centre line, but tangen- 
tially they react on the casing. The moment 
req^uired, therefore, to prevent rotation of the 
case is equal to the torque on the shaft. The 
water which is supplied continuously to the 
brake, when running, passes from pocket to 
pocket, at the same time rotating at a high 
rate of speed, finally emerging at a temperature 
which can he regulated by the supply valve. 

The brake is regulated by means of thin 
sluice gates or plates, inserted between the 
channels in the rotor and casing. The resistance 
offered by the brake for a particular setting 
of the plates varies approximately as the 
square of the speed, so that the brake is well 
suited for testing under conditions of constant 
torque. 

The stator case is provided with bearings 
and packing glands where the shaft passes 
through it, but the friction of these reacts on 
the casing and is measured. The case is also 
provided with a torque arm supported by a 
spring balance, which in turn is suspended 
from a hook which can be adjusted in a vertical 
direction in order that the torque arm shall 
remain horizontal. The load is hung at the 
end of the torque arm directly under tlie 
spring balance, and the efieotive torque load 
is obtained by taking the diSerence of the load 
and the spring balance reading. 

The effect of the sluice gates is to reduce 
the effective surface, thus increasing the range 
of service. The capacity of a dynamometer 
absorbing 800 horse-power at 800 revolutions 
a minute can be adjusted to absorb 40 horse- 
power at 200 revolutions per minute. 

(v'.j Electrical Brahes. The National Physical 
Laboratory Dynamometer . — In this brake the 
power developed is absorbed electrically but 
measured mechanically. The electrical meas- 
urement of the power depends in some measure 
on the accuracy of the instruments employed 
and on the temperature of the field magnet 
and armature fundings of the generator. 

The prime mover under test is coupled 
t'lirect to the shaft of a generator, the outer 
frame of which is mounted on bearings offering 
small frictional resistance, and the torque on 
this frame is measured. The power generated 


is carried by very ilexihh^ (lables to r('HiH(ariico 
mats by which it is dissipated as luvit. 

Fig, 7 shows the irndhod of supporting the 
field magnet frame. The laiier is pi’ovidc'd 
with hard steel rings A at ('itli('r ('lul, flu'se 
rings being ground truly coneenirie. with the 
axis of the shaft and H('curely lix('(l iio the 
frame. 

The rings rest on the sect/ors H, Ih wlii(ih are 
also of hard stool ground truly (‘yliu(lri<^al oil 
the curved surface witli the kiiih^ edgi’i as 
centre. The sectors su])])ort ilio whoh^ wi'igh of 
the generator, which hiung ilms uioiuiiiCMl can 
oscillate through a small ar(! with extriaueily 
little resistance to moiioii. 

Ball bearings mouut.(Hl on verfii^al posts are 
provided at each end of tlui giuuuaiior fi’anu\ 
bearing against the sides of tlie rings to 
limit the end motion and to tiakci the tlirust 
should the frame iriadviU’teiitly hi^ luovi'd i-oo 
far in a longitudinal diree-tion. 



Idu. 7. 


so that the torque eaii be iiK'a.sured wIkui (lie 
brake is nnming in either dirtH^iiion. 

The torque arms are halanei'.d, and ou<^ is 
provided in the usual maiuu'r with stojjs to 
limit the angk’i of oH(,^ illation. 

The load is hung from knih' ('<lg<‘ on oiu^ 
of the arms, a fine adjustmenii li(‘ing olitaiiu'd 
by moans of a spring which [larily ndiiau'S 
the load. It is arranged that (^xlensions of 
the spring are niagnifi(Hl and indieaii'd on 
a moving sheet of paficr ho ilia-t <h(^ vaaiaf ions 
in torque of the prinu^ movm* umhu- ti^sl. a.re 
recorded. The ])aper moviumad^ is (dlecri'd 
by a clock moebanism, and imlicatioim of 
sjieod are also r(w<orded eleetrically. 

The arrangoment of the I'l^eording iuHtru- 
ment is clearly shown in th(^ figunx 
As in the (aise of the hVoude wafer l>i’ak(\ 
the hearing friction, and incidentally tlu^ 
brush fruition, is measured at- the l^orque 
arm, so that the metliod affords an aceuraie 
moans of measuring pow(‘r. It has ihe dis- 
advantage's of having a small i'a.nge of power 
and sjieccl, and a heavy rotor, but tli(iHe a-ro 
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somewhat compensated for by the fact that The shaft is partly relieved of the weight of 
tJic generator can l:>e used as a motor either the frame by a link suspension attached to an 
for starting an internal combustion engine or overhead spring balance, and this method 
for sup])lying ])owor to a machine whose of suspension enables the frame to be sup- 
torque resistance is required to be measured. ported wdthout producing a trusting moment 
It is estimated that, under steady conditions about the shaft centre, 
of running, determinations of torque can be The overhung load on the shaft can be 
made on this dynamometer to an accuracy varied as desired by adjusting the tension of 
of Od per cent. the support. 

(vi.) Eddy-current Brahe {Ficf. 8). — A. very The air gap between the copper discs and 
successful form of eddy-current brake has been the field magnet poles is fixed, and the rigidity 



developed by Dr. D. K. Morris and G. A. Lister, 
and is described fully in a paper to the Bir- 
mingham Ijocal Section of the Institution of 
Electrical Engineers, 1905. 

The brake was designed to absorb 5 horse- 
power at 1000 revolutions per minute, and 
made for use in the Electrical Laboratoiy of 
the University of Birmingham. 

The apparatus is made for . attachment 
to the shaft of the prime mover in place of the 
f)rdinary pulley, and consists of two elements, 
one in the form of coppjcr discs fixed to and 
concentric with the shaft, and the other a 
circular frame also concentric with the shaft 
and carrying magnetising coils at regular 
intervals round its periphery. 

'Dio magnet frame, or stator, is centred by 
a nwolving bush securely keyed to the shaft 
and is provided with a torque arm, jockey 
weight, and stops, in the usual manner. 

Two copper discs are provided on the rotor, 
and are fixed to the revolving bush one on 
either side of the magnet coils, the axes of 
which are parallel to the shaft axis, and by 
this arrangement both electrical symmetry 
and mechanical balance are assured and the 
brake is rendered astatic. 


of the construction enables it to be made small. 
External yoke rings are provided and are 
supported by brackets from the magnet frame, 
the brackets being clamped in such a manner 
that the external 
gaps bet’ween the 
yoke rings and 
the copper discs 
can be adjusted. 

The limit of 
the capacity of 
the brake is 
determined by 
the temperature 
of the magnet 
coils. 

(vii.) Fan 
Brahes. The 
Centrifugal Fan 
{Fig, 9). — The 
Centrifugal Fan 3Pig. 9. 

Brake usually 

consists of two square or rectangular plates 
held by radial arms in such a manner that 
they are presented normally to the direction 
of motion. The brake is more frequently used 
as a ready means of applying a load to a shaft 
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rotating at a higli speed than as a means of 
measuring torque. It is rtecessary that it 
should be calibrated by means of an accurate 
dynamometer, but the calibration is affected by 
variations in temperature and pressure of the 
surrounding atmosphere, cross-currents of air, 
and the proximity of supports, adjacent walls 
and floor, and of the prime mover under test. 

The load is adjusted either by moving the 
plates along the radial arms or by fitting plates 
of a different size, these methods of adjustment 
having the great disadvantage of necessitating 
the stoppage of the prime mover under test. 

Attempts to render the blades adjustable 
during rotation have met with little success, 
owing chiefly to the difficulty of designing the 
adjusting mechanism to operate against the 
centrifugal forces acting on the blades. 

The torque due to the blades alone, for 
ordinary speeds and sizes, varies as the square 
of the speed, the cube of the radius of the 
blades, the area of the blades, the density of 
the fluid in which the fan is w’orking, and on a 
factor depending on the environment. 

The fan brake is cheap to manufacture and 
is usually easy to fit to the shaft of the prime 
mover. For these reasons it is frequently 
used commercially as a brake for “ running 
in ” and “ endurance ” tests where the power 
absorbed is not required to be Imown with 
accuracy. It may be used for comparative 
tests provided the atmospheric conditions 
and the environment remain constant through- 
out the tests, but neglect of these factors may 
effect an error of 10 to 20 per cent in the 
measured torque. 

(viii.) The ''Escargot ” Fan Brahe for testing 
Aeronautical Engines . — In order to reproduce 
as far as possible the cooling effect produced 
on an aeronautical engine under flying condi- 
tions, it is essential that the engine under test 
shall work in a current of air projected on it 
at a speed comparable with the flying sj)eed. 

The cooling is effected in the escargot 
arrangement by a fan brake driven by the 
engine under test and mounted in a chamber 
resembhng that of an ordinary fan casing. 

The intake of the air is in the side of the 
casing opposite the fan centre. 

Rotary or radial engines are usually mounted 
inside the escargot, Fig. 10, being then in the 
direct path of the incoming current of air. 

Vee or vertical engines are fixed on a bed 
outside the fan chamber, and the air from the 
discharge orifice is directed on to the engine 
either from above or from the front. 

In the latter arrangement the fan is driven 
through an intermediate shaft and universal 
couplings. 

For running in ” and “ endurance ” tests 
the brake may be calibrated by means of an 
electric motor, but is open to the objections 
which have already been summarised under | 


the heading of the “ Fan lira Ice.” tests 

of greater accuracy it is usual to mount the 
engine on a floating toniiu^-balanco gi^a,r by 
which the reactive torque on the engine may 
he measured. 

When the engine is so mounted it is esscmtial, 
if accurate results arc to be obtained, that 
the axis of the rocking frame shall eoincido 
with the fan axis, otherwuso the luonient 
measured will difi’er eonsidorably from the 
true torque according to the position of the 
fan in the escargot. 

§ (3) Transmission Dynamomiotuks. Tor - 
sionmeters . — In cases where il is desired to 
keep a check on the power developed by a 
prime mover, or where the absorprion of the 
power cannot conveniently bt^ (dTe(!ted, a 
transmission dynamoinotor is cin})loyed. This 
instrument exists in several forms of torsion- 
meters, the function of which is to nu^asuro 
the angle of twist in a lengi.h of the shall 
driven by the prime mover, and from tin’s 



measurement, by previous calibration or by 
calculation, the torque is (IchIikukI. 

(i.) Hophinson-Thring Torsionmder {Fig, 11). 
— This instrument was desigiu'd by Profl^ssor 
Bertram Ho2)kinson and Mr. Tliring for tlu* 
determination of the 2)ower transmitbul l)y 
turbine shafts, and is used to a very larg<^ (^xt(‘nl. 
on steamships. The })riiiciple of tlu^ apparatus 
is the moasuromont of the relatives aagl<^ of 
twist between adjacent seetlous of the shafi. 
aqd the indication of this iu()v<uneiit on a H.xed 
scale. The length of the shaft tak(ni up by lh(^ 
instrument is very small, being, for nhw owr 
8 inches diameter, about three tlianudci’s long, 
and for smaller shafts about four digtnud.cu-H. 

The instrument consists esHontially of two 
flanges clipped to the shaft at a mc^aHu rc'd 
distance apart. A aloevo enclosing the sluift 
connects the two flanges, being formed solid 
with the one but free to rotate through a 
small angle on the other, by which it is 
retained concentric with the shaft. The twist 
of the latter causes relative angular motion 
between the free end of the sleeve and tlu^ 
flange adjacent to it, and this motion is indi- 
cated on a fixed scale by means of a mirror. 
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The mirror is mounted on trunnions working 
in hearings fixed to the flange, the axis of the 
trunnions being radial. The mirror is pro- 
vided with a short radius arm which is con- 
nected to an adjustable block on the sleeve 
by a thin phosphor-bronze link. The tan- 
gential movement of the sleeve block is 
governed by a micrometer screw in order that 
the relation between the movement at the 
radius of the mirror from the centre of the 
shaft and the spot of light on the scale may 
be ascertained. 


A fixed mirror is attached to one of the 
flanges, which is adjusted so that the spot of 



movable mirror when there is no torque on 
the shaft. 

An electric lamp fixed just above the scale 
provides the beam of light which is reflected 
from the two mirrors on the scale successively 
as the shaft rotates. 

A shift of the apparatus relative to the 
scale is indicated by an alteration of the 
position of the beam reflected by the fixed 
or “ zero ” mirror, and this can readily be 
adjusted by moving the scale. 

The moving mirror is silvered both back 
and front so that two reflections, one on either 
side of the zero, are received from it during 
one revolution of the shaft. The mean of the 
two readings may thus be taken whatever 
the position of the zero. 

The instrument may he calibrated directly 
by applying a known torsion to the shaft 


and noting the reading of the scale, or by 
calculation from a knowdedge of the torsional 
rigidity of the shaft and the various leverages 
and distances involved in the conversion of 
the twist to the movement of the spot of light 
on the scale. 

The apparatus gives an instantaneous 
reading of the torsion in 
the shaft at a particular 
angular position in the 
revolution, the angle 
being fixed by the posi- 
tions of the mirrors and 
scale. 

The torsion at any 
other part of the revolu- 
tion may be obtained by 
mounting the scale on a 
circular frame concentric 
with the shaft and shifting the scale and lamp 
to the angular position required. 

(ii.) The Ayrtoii and Perry Torsionmeter 
{Fig. 12). — This dynamometer is designed for 
use in the place of the ordinary shaft coupling, 
which purpose it also serves. The two halves, 
one on each shaft, are connected by means 
of helical springs, three or four in number, 
arranged in a position approximately tan- 
gential to the shaft. When power is trans- 
mitted, the drive is taken through the springs 
which extend under the load. The stretch 
of the springs allows relative angular move- 
ment between the shafts, and this is indicated 
by a lever arrangement which has the ultimate 
effect of reducing the distance of a bright 
bead from the shaft 
centre. The radial 
position of the 
bead is observed 
against a black 
disc on which a 
scale is marked. 

The apparatus 
is calibrated di- 
rectly or by cal- 
culation from the 
stiffness of the 
springs and the 
magnifi-cation of 
their extension 
which has been 
employed. Cali- 
bration against an 
absorption dyna- 
mometer is preferable if it is thought that 
the arrangement of the springs adopted is 
likely to give different calibrations statically 
and dynamically. 

§ (4) Thornycroft or Froude Belt Dyna- 
mometer. — The arrangement of this transmis- 
sion dynamometer is shown in Fig. 13. The 
pulley D, fixed to the shaft of the prime mover, 
drives the pulley F by means of a belt which 
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passes in turn round the two pulleys A and B. 
The latter are supported by a frame ABL 
which is pivoted at E. It is obvious that the 
downward force on the pulley A will exceed 
that on the pulley B by twice the difference 
in tensions of the tight and slack sides of the 
belt on either the driving or driven pulley. 
The frame ABL will therefore tilt down- 
wards at A, but its symmetrical position is 
restored either by a force at P, or by adding 
weights to a scale-pan hung on an extension 
of the arm AB at L. The motion of the end 
of the lever is confined "within small limits 
by means of stops. 

The belt tension difference is expressed by 
T = P6/2a and the horse-power developed by 
H.P. = 27rTRN/o50, where R and N are the 
radius in feet and speed in revolutions per 
second respectively of the driven pulley. 

The power is not transmitted entirely 
without loss because of the slip of the belt 
and the pulley bearing friction. These losses, 
however, can be determined by independent 
dynamometer tests. 

§ (5) Dynamometer Cars and Traction 
Dynamometers. — Many instniments have 
been designed to measure the resistance of 
vehicles to traction and also the tractive effort 
of self-propelled vehicles. The pull is usually 
transmitted through either a small plunger 
or diaphragm, in which case the pressure sot 
up in a liquid column is recorded by means 
of a pressure gauge, or through helical or 
laminated springs the deflection of which is 
indicated on a scale. 

(i.) The British Association Apparatus. — 
Some of the earliest tests in this country 
were carried out with a special dynamometer, 
designed for the British Association, for the 
measurement of the resistance of road vehicles 
to traction.^ 

The apparatus comprised a castor frame in 
.which could be mounted a single wheel on 
which the experiments were to be made, a 
system of levers for transmitting to a small 
plunger the pull exerted on the wheel, a 
recording pressure gauge for registering the 
pull, and a recording speedometer. 

The castor frame was of wrought iron and 
rectangular in shape, and was adapted to take 
wheels of various widths. The axle of the 
experimental wheel was mounted on springs, 
one under each side of the frame. The springs 
used were of the ordinary laminated carriage 
t57pe constructed in such a- manner that 
their stiffness could be adjusted by varying 
the number of plates forming a sj^ring. The 
frame was loaded by cast-iron weights flitting 
over the castor frame. 

An attachment was made to the lovers 
transmitting the pull by a swivel joint W'hich 
allowed the frame to oscillate vertically and 
^ British Association Heport, 1902. 


to follow freely round a curve without aflbeting 
the records, but so hold it that tlu^ whotl 
always I'oinaiuod vcrtkial. l'b(' fulcrum ol 
the iever could be moved to eiilu'r of four 
positions such that the [iressure on tlie plunger 
was equal to, or two, four, or dglii times llie 
pull exerted on the frame. raug(^ of the 

apiparatiis could thus be vailcul from 5 to 500 lbs. 

The record of pressure and speed was madc^ 
by pencils on a sheet of i)ap(u* wliitdi was 
rotated by a roller the motion of whidi was 
obtained through goailiig from the rojid wluad. 

(ii.) The Hyatt InstrunienL - This dynamo- 
meter has boon specially designed for the (leli(u’- 
minationof the draw-bar pull of farm trad.ors 
and the tractive resistance of ploughs woi'king 
under various conditions. 

The pull is transmitted from the trae.ior to 
the plough tliroiigh a link or chain and ji 
piston working in a cylinder. 'Die hitler 
contains a rubber bag containing liipiid which 
is compressed ))y the piston. 'This pre^ssurt^ 
unit is hitched in one of three dilh'nMil; ways 
giving different ratios between the pull a.iKl IIk' 
pressure on the rubber bag. '‘I’he tlir(‘(^ liil.elu'S 
correspond to maximum pulls of IJOO, (iOO, and 
1200 lbs. res])cctively. 

The recorder consists of a .Bilslol reiiording 
pressure gauge. It is (‘.onnecriul to tlu^ prosHure 
unit by a flexible metallic tube whidi eonv(\yH 
the liquid under pressure from tlu'i rnhlx'r bag 
to a Bourdon pimsuro tube which ne-imiles 
the pen mechanism. A needle valv<\ ins(u*t('<l 
in the pressure tube, may bo a(ljust(Ml (o (xmtrol 
the flow of liquid and to dami> outi (^N'et^ssivc^ 
vibrations of the [)on. 

The chart is a circular slund/ of pap('r divah'd 
by a series of concentrie (‘.ircl(^M a/Cross which ilm 
pen travclsin an approxinuitdy radial dirc(d/ion 
from the ocnlire outwjirds with imu’casing |»ull. 

The chart is caused to j'otah^ by a wIkmA 
which rolls over the ground and which is 
connected to the recording inMirmiKuit hy 
a flexible shaft and suitahh^ g(‘u.i’ing. Tlu^ 
circumference of the charli is divi(i(xl into 
equal parts each ropreHcuiting a disiamu^ 
travelled of 100 fei'it. 

A second i)on records the dapscxl tinu^ on 
an annular space at the edge of llu^ <1ia,rt. 
A clock in the recorder euiSt^ fitkxl wit.h a 
cam, trips the time pen at ono-mlnnh^ inhM’vaJH, 
and fractions of a minute may bo (^stiniaied 
by counting the number of smalhu’ Hpa,('(^H oven* 
which the pen has travelled. division is 
accomplished by dividing the annular spaet'i 
by a number of ooncontrio cinsk^s and by 
causing the time ])on to travel from th(^ ouic'.r 
to the inner ring in the minute intcnwal, aftor 
which it is again trif)pod back to tlu^ outer 
ring, its path being practically a radial linci. 

The recorder is lightly built and is provided 
with straps by whidi it is luinkxl by an 
assistant during a test. It is arrangenr that 
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the rolling wheel may either be clipped to the 
tractor or guided by hand. 

From the chart obtained, the draw-bar pull, 
the distance travelled every six seconds, and 
tlie speed during the test may bo deduced. 

(in.) The National Physical Laboratory Tractor 
Dynamometer Car. — This apparatus was con- 
structed solely for measuring and recording 
the tractive effort of farm tractors, for which 
purpose it has been successfully used. The 
car employed was a heavy four-wheeled lorry 
trailer, the rear wheels of which were fitted 
with speeds and band brakes, the latter being 
operated by a hand wheel from the front of 
the vehicle. The apparatus was mounted on 
an extension of the bogie frame carrying the 
wheels of the trailer. 

The pull of the tractor was converted to 
pressure on a leather diaphragm by means 
of a bell-crank lever suitably pivoted, the 
diaphragm being faced on the pressure side 
with a rubber disc to prevent leakage of the 
liquid in the diaphragm box through the leather. 
A flexible hydraulic pipe connected the dia- 
phragm casing to a Bourdon pressure tube 
operating a pen mechanism, and a record of 
the pressure was thus obtained on a roll of 
paper. The latter was caused to move pro- 
])ortiona]ly to the distance travelled by the 
car, the driving drum being rotated by means 
of gearing and a flexible shaft from the 
leading road wheels. 

Two other pens were also provided, one 
operated by a clock in order to give time 
indications every two seconds, and the other 
operated through gearing and giving indications 
of the revolutions of the tractor engine. 

The diaphragm box, to which was attached 
the fulorum of the bell-crank lever, could be 
adjusted vertically so that the rope or chain 
connection to the tractor could be arranged 
horizontally. 

In carrying out a test, the brakes of the 
car wore adjusted, and the car loaded with 
dead weights, until either the engine of the 
tractor was ])ulled u]) or the driving wheels 
began to slip. Thus the maximum pull of 
the tractor on the particular surface chosen 
for the tests was obtained. 

(iv.) Railway Dynamometer Cars. — Dynamo- 
meter cars have been constructed for traction 
tests on locomotive engines and tractive resist- 
ance tests on railway rolling stock. The car 
usually takes the form of a special coach, the 
draw-bar jnill and buffer thrust being recorded, 
with the speed, on a paper- covered drum driven 
through gearing from one of the road wheels. 

A most successful car of this type is that 
designed by Mr. George Hughes for the 
Lancashire and Yorkshire Railway Company. 
The various instruments with which this car 
is fitted enable complete records of the per- 
formance of the locomotive to be taken, 


including draw-bar pull (or push) speed, 
acceleration or retardation, and boiler pressure 
of the locomotive. 

Other factors influencing the performance 
are also indicated on the chart by observers. 

Considerable care and experience is required 
in the design of a car of this kind, and the more 
salient features of the Lancashire and York- 
shire Railway car are here described for the 
first time by the courtesy of the Chief 
Engineer of that Company. 

(v.) The Lancashire and Yorkshire Railway 
Company's Dyna^nometer Car. — The draw-bar 
pull and the thrust on the buffers of the car 
are transmitted to two compound springs, one 
being provided for the pull and the other for 
the push. Each is made up of a number of 
independent plates bound together by a pair 
of buckles at the centre and connected by 
links at the ends. The link pins can be with- 
drawn separately as desired, and this enables 
the number of plates in operation to be 
adjusted to suit the load hauled, from a single 
coach to the heaviest train, utilising the full 
deflection of the springs. 

The spring deflection is recorded directly 
on the record paper without the intervention 
of levers, showing draw-bar pull above, and 
buffer thrust below, a datum line. 

The external carriage coupling arrangements 
are standard practice so that the car can be 
coupled up as readily as any other vehicle. 

The draw-bar and buffers are connected to a 
rigid frame w'hich moves each set of springs in 
one direction only so that the tightness of the 
screw" shackle beWeen the engine and the car 
does not affect their indications. 

A compensating beam equalises the thrust 
on the buffers when negotiating a curve. 

The draw-bar passes through a friction device 
which can be brought into operation to take the 
load off the springs when tests are not being 
made. The device is also used to absorb excep- 
tional shocks during the last inch of deflection 
of the springs. A main cross-beam near the 
centre of the car under-frame forms a founda- 
tion for the springs and the instrument table. 

The motion of the car is not recorded from 
the ordinary road wLeels but from a special 
measuring wheel arranged betw^een the leading 
and trailing wheels of the bogie, so that there is 
little lateral movement when rounding curves. 
The measuring wheel is pressed on the rail by 
a spring and can be raised or lowered as 
required. The motion is transmitted to the 
instrument table by worm gearing and flexible 
couplings forming a positive drive. 

The instrument table carries the record 
paper drums, the speed gear which regulates 
the relative speeds of the paper and the train, 
a distance indicator, a work integrator, a 
recording and a visual speedometer, a standard 
electrical clock, and an inertia ergometer. 
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The record paper can he driven at speeds 
varying from six inches to twenty feet per 
mile travelled ; a counter marks the paper 
every mile. 

The work integrator consists of a disc 
rotated from the road wheel, and across the 
face of the disc a roller is moved by the 
extensions of the springs. The rotation of 
the roller is therefore proportional to the 
product of the draw-bar pull and the distance 
travelled, and this work is continuously recorded 
on the chart as a serrated diagram, each peak 
representing api)roximately 50 horse - power 


velocity (acceleration or retardation). 1 ho 
integrating roller multiplioH tliis fore,o l)y 
distance and the result is iiidic^alod on ilie 
record paper as an inclined line. The (change 
in the ordinate of this line repT-cHonts the 
change in the algebraic sum of ihe potiMviiial 
and kinetic energy per unit mass of tlu’) tirain. 
When coasting free, the loss of energy rocorch'd 
is duo to train resistance, and is th(u-(‘fore a 
direct indication of it. 

By means of a run made uj) of altcuniate 
hauiings and coastings the ergonudier pi’ovhh^s 
data from which the work done by the prime 
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minutes per pair of springs in use. A counter 
gives the total positive, total negative, or 
algebraic sum of the horse-power minutes 
done by the draw-bar, as required. 

The speed recorder works on a positive 
principle, namely, that the distance travelled 
in a definite time (4 secs.) gives a measure of 
the mean speed during the four seconds. 

(vi.) The hiertia Ergometer. — This was 
introduced by Joseph Doyen, Chief Engineer 
of the Belgian State Railways, and is a com- 
bination of the Desdouits Inertia dynamometer 
(pendulum) and the Adhank-Abakanowicz in- 
tegrating roller. The pendulum is mounted on 
knife edges and savings in the direction of 
motion of the car. The tangent of the angle of 
the pendulum with its neutral position is pro- 
portional to the algebraic sum of the force 
of gravity and the force producing change of 


mover can bo oalculatod. Jly ((ombiuiug ilun 
information with that of the draw-bar iut,(>gi*a- 
tor the locomotive rosistaiu^o, train n^HistniUHv 
total rosistanoo, and acool(U’ativ(5 of tlu^ 
locomotive can bo obtained for any spcHnl. 

Curvature of the tracsk is iudi(!attMl and Iuih 
been found to account for many ])ocuUaritii(‘H 
in the diagrams obtained. Fig. 1,4 is a g(nu'ral 
view of the instrument tablt^ Th(^ work 
integrator is shown in the centre foreground ; 
the lever from the draw-bar springH Htands up 
through the central slot in the tabk^ and 
pendulum lover through the slot on the l(4(.. 
The ergometer drum can ho seen to the k'ft 
of the top of the draw-bar lever. TJio ekxdt 
is removed to expose the ergometer to view. 

Fig. 15 is a specimen, reduced in siz<\ of 
the chart obtained for a run of approximately 
six miles. 
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(vii.) The Swiss State Railway Gar . — Much 
of the apparatus fitted in this dynamometer 
car is in many respects similar to that of the 
Lancashire and Yorkshire Railway Company’s 
instrument. The principal difference between 
the two cars lies in the method of measuring 
the tractive effort, which in the present 
instance is by the use of hydraulic gear. 
Undoubtedly the hydraulic dynamometer has 
distinct advantages over the spring type, 
provided it is carefully designed and accurately 
made. 

The pull of the draw-bar is transmitted to a 
steel plunger working in a steel cylinder, both 
elements being ground so accurately as to 
render the use of packing unnecessary. The 
cylinder is filled ■with oil by which the pressure 
is transmitted to the recording instrument, 
and it is arranged that there is a very slow 
leak of oil between the plunger and the cylinder 


wall in order to provide lubrication for the 
former and to minimise its frictional resistance. 

The arrangement of the pressure unit is 
shown in Fig. 16. There are two plungers, 
indicated at A and B, fitting into cylinders 
which are placed back to back and formed in 
a solid forging. The draw-bar pull is trans- 
mitted to one of the plungers, and the buffer 
thrust to the other, by means of the crossheada 
C and D and the rods E and F. The latter are 
guided hy rollers suitably supported by a 
rigid frame. The clearance spaces in the 
cylinders, behind the plungers, are connected 
by i)ipes to a distributing valve, and from 
thence to the recording mechanism. 

The recorder consists of two small measuring 
cylinders arranged in tandem and provided 
with differential plungers opposed to each 
other. This arrangement provides that hy a 
suitable setting of the distributor valve the 
resultant area of the plungers exposed to the 
oil pressure from the main cylinders may ho 
varied in the ratio of 1 : 2 : 3 : thus by rotation 
of the distributing valve it is possible to select 
either of three scales for recording tlie load. 


A calibrated helical spring is firiod b(‘.tvv(‘eii 
the two dilTorontial i)IiingerH and is eompivsHC'd 
by their motion. e()mi)i-(‘M.sion of the 

spring is a measure of the reHultant (MkI force 
on the plungers and, therefore', of tluMlilhu’ciKK^ 
between the draw-bar pull and Inith'r thrust, 
and this motion is transfen-c'd directly to t.lu‘ 
record paj)or by a rod eariying a style. 

During prolonged rims tlu^ slow liNikagc' 
past the main plungers may eauH(^ om^ of t.lunn 
to touch the base of its eyllndm’, hut. Ixd'ort^ 
such a condition can arisi^ an ('(inali.situr valve 
is brought into operation vvliieli has tlu'i (dhad. 
of equalising tlic pressures in ib<^ two cylinders 
and restoring their emiiral f)()sit.i()ns a,H shown 
in the figures. Iri-esli oil is draavn into tilu^ 
cylinders from a restM’voir, through a non*- 
return valve, wlion reipiiri'd. 

§(6) Special Dynamomiotmus. (i.) Thv Dalm- 
ler Lanohester Worw-ymr Testing i\1a('hiin\ 

This ma, chine was (h'sigiKsl 
by Mr. h\ W. Laneb('st,(u' 
for the a.e(uira,t.e nuvisnix'- 
meiit of th(^ elfieioney of 
worm - g(vi.ring. A <lia- 
grammat.ie sk<'t.(di of t.lu' 
ai)j)aratuH is given in 
F’ig. 17. 

ddio efilcieney of nuxhM’ii 
worm gears for powin* 
transmission is of tin*, ordiu’ 
of Of) per (xmt, a,nd, un(l<n’ 
the host eonditiions of loa.<l- 
ing and lnl)!'icat ion, a.s high 
as 07 p(U’ cent. With sneli 
elUciiench's, S('{)airn,te d(d(n*- 
minn.tions of the tionpies 
in tilie worm and worm- 
wheel shafks hy any of ilie nudhods aJnaidy 
described would Ix^ liable to giv(' mishxuling 
results unless tlie ae.eurfiey of llm nKMiHUrenHsil. 
in each case was witliin a snnill frae.t.ion of I 
per cent of the true value. For t^Na.mpl(\ in 
the case of a g('ar of 07 per <x'nt. (dliei(MU’y, if 
the torques could bo moa,HUi’ed w^pa.iviidy to 
an accuracy of 0*2 per eiHit, tlu^ (\\|)<'rim(‘nta.l 
determinations of the enicietuiy might. i’a.ng(^ 
from 96*6 to 07-4 [)or (Kmi. It. is (nnhhrnt., 
therefore, that the ordinary inid.hods of t.oi’(jH(^ 
measurement in which the error may h(‘ as 
much as 2 per cent are (juite iih('I<‘HM for t-Iu^ 
purpose, and that a method of nnuL gn'ater 
accuracy is required. The Lanriu^sUx’ imu'hiiH^ 
measures, in effeid., the rjitio of thi^ two 
torques, and tlio over-all offieietuy of a woi'in 
gear with its bearings can bo ()bt;a.ine(l wit.hiu 
an accuracy of 0*2 per cent. Indeed, ditTereiuu^s 
of efficiency duo to such causes as eliang(^ in 
the temperature of the lubricant ean bt^ (xisily 
detected. 

Referring to Fhj. 17, tlie gear bo.\ is sup- 
ported in a cradle A in smdi a nuunun* that, it 
has freedom of motion through a small angle 
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about two axes at right angles. The worm is 
driven by a shaft B through the intermediate 
shaft C, the latter being provided with uni- 
versal couplings at each end. In the same 
manner the wheel shaft is connected to the 
bevel box E through the shaft I) and the 
universal couplings FF. The load is sup- 
ported by a bracket K fixed to the arm G, 
the axis of the arm being parallel to, and in 
the same vertical plane as, the worm-shaft 
axis. 

The load is not fixed directly to the bracket 
but is carried by a slider from which it is 
hung : by a screw and nut device the distance 
of the load from the axis 
of the arm can bo varied. 

The position of the 
bracket with respect to 
the wheel axis being fixed, 
the moment of the load 
about that axis is equal T| 

to the product of the [ I 
weight and the length of I 

the arm, and is alw^ays j^Jj] 

the same for the same || 

load. U 

The moment about the j1 

worm axis, however, can 
bo adjusted by means of 
the screw gear, the read- 
ing of the scale on the 
l)rackct giving the dis- 
tance of the 
WTight from 

the axis. T 

It will be ^ G - H t 

seon,^ there- 

asHu ruing the VlfflL / i 

gear cfliciency J ^ |[^ 

as 100 

cent, and the P 

ircar ratio as 


tends to drive the pulley N on the driving 
shaft B at about 5 per cent higher speed 
than is established by the bevel and worm 
gears. 

In other words, it is arranged that the peri- 
pheral speed of the iDulley M is 5 per cent 
higher than that of the pulley N. 

The belt connecting the two pulleys can be 
adjusted in tension, over a -wide range, an 
increase in the tension producing an increase 
in the torque. By this means the pressure 
between the teeth of the worm and wheel 
can be made to correspond with the trans- 
mission through the box of as much as 150 
horse-power, it being only 
necessary to supply the 

I loss of power in the gear 

and apparatus from an 

1 ^ ■ external source developing 

:~-|d about 15 home - power. 

_ . This ingenious principle 

- I - enables prolonged tests to 

- - be carried out at a small 

' I r fraction of the cost which 

_ . would be involved if the 

4U whole power were devel- 

B oped and absorbed. 

(ii.) Spur Gear and Driv- 
ing Chain Testing Machine 
1 (National Physical Labora- 

- - tory). — This machine is 

■ ■ arranged to measure the 

J ] difierence of 

ft,. the torques 

- ■ of two shafts, 

^ ^ together with 

: i HI - the measure- 
”ri ment of one 

O ^ of the torques 

<ti ( I separately. 

It will be 

^ -yj evident that 

the high de- 


ll, the spt‘(‘d of the w^orm being R times that 
of the wheel, the torque on the worm shaft 
will bo 1/R times the torque on the wheel 
sliaft. Tlic load being the same for each 
torque, the distance of the WTight from the 
wont! axis will bo 1/R times its distance from 
the wheel axis. 

The efficiency of the gear being less than 
100 ])er cent, the load must he moved farther 
from the axis of the w'orm in order to balance 
ibc^ gear box against the two torques w'hcn 
running under load. 

The calculated distance of the wuiglit 
from the w^orm axis, assuming 100 per cent 
efficiency, divided hy the distance required to 
produce* a balance, gives the efficiency of the 
gear. 

The drive from the w^orm wheel is taken 
through the bevel box to the bolt pulley M, 
the latter being of such a diameter that it 


gree of accuracy required in the Lanchester 
machine is not essential in the present 
machine. 

Thus, supposing the true efficiency of a 
spur gear or chain drive is 97 per cent, 
and that the determinations of the torque 
and torque difference are each within 2-5 
per cent of their true values, the esti- 
mated value of the efficiency of the trans- 
mission from the observations may range 
from 9C-9 per cent to 97 T per cent, which 
is of a higher degree of accuracy than 
that obtained by measuring the torque ratio 
to ± 0*2 per cent. 

Fig. 18 shows the arrangement of the machine. 
The frame carrying the gears is entirely sup- 
ported hy horizontal knife edges, and both 
driving and driven shafts are considerably 
extended and provided with ball-bearing uni- 
versal joints at each end. Being supported in 
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this manner, the frame can execute small oscil- 
lations in a vertical plane about its neutral 
position. 

The intermediate ‘wheel is rendered neces- 
sary in order to secure that the reaction on 
the frame should be equal to the difference 
between the torques of the dri'vlng and driven 
shafts, and for this to be the case it is requisite 
that the shafts should rotate in the sanae 
direction. 

The first and intermediate gears and the 


Tilting Frame 
Arranged for Chain Drive 


H 


Tilting Frame 
Arranged for Spur Gears 



intermediate and the third gears form two 
pairs under test. 

When a chain drive is under test no inter- 
mediate gear is necessary for the shafts to 
rotate in the same direction. 

If no intermediate wheel were used in 
the gear test, the reaction on the frame 
would be equal to the sum of the torques 
of the two shafts, and the object which it 
has been attempted to achieve would be 
defeated. 

The frame is provided witli an oil dash-pot 
for damping its oscillations and a torque - 
arm scale -pan and spring for the torque 
difference measurement. Rigid stops are 




provided for the torque arm i.o limiti its 
amplitude, rcadiugs being taken vtion tlu^ arm 
is level- 

A Hopldnson-Thring torHionmeter is used 
to determine the torque on the driving shaft, 
and in carrying out a test an ol)H(uwor regu- 
lates the torque and maintains it at/ t/h(^ devsired 
value, whilst a second observer is employed 
with the torque moasuroincnt on the t/ilUng 
frame. 

The method of inci'casing the pressure 
between the gear tooth is on the sanu^ i)!’!!!- 
ciple as that adopted in tlio Lanelu'shu' 
machine. This secures that only the loss of 
power needs to bo supj)]ied from an external 
source. The centre distanco of the two Hliaft.H 
is made adjustable over a wide range t/o 
accommodate varying si/.os of gears and 
lengths of chain drive. 

During testing the tilting frame is totally 
enclosed in a light case and provision is made 
to spray the lubricant on the g('ars, tiio oil 
being supplied by means of a Ib'xiblo pipe in 
such a manner that no control on the franu^ is 
exerted. 

In testing spur gears the value of the torque 
Tg on the last gear can readily bo oblnined 
from the observed data. Tlie eni(U{'ney 
of a pair of gears is given, thorofon^ l)y 
77= n/Ts/Tj, whore is the measured ionpje on 
the driving shaft. 

The efficiency of a chain is given by 7; - 

(iii.) JSpnr Gear -box Te>{^ting Mac hi ve 
(National riiysical Laboratory), Jfiij. 10 .* In 
this machine the gear box is monntcHl in 
a manner that it is free to oscillate a, bout a 
moan position on the axis of the driving sbafi/, 
and the torque on the frame of tlu' g(uir box 
is balanced and measured. The method (m.n 
only bo used in cases wbero the driving and 
driven shafts of the unit couixial and 
leave the box at opposite ends ; this is 
usually the form of gear boxes for auf/O- 
mobiles for which the apparatus was originally 
designed. 

The unit under test is fi.xod in a recd/juiguhu: 
frame provided with hollow tnmnions eo- 
axially with the main shafts. Tlu^ trunnions 
are supported in ball-bearings so ihaf; the 
frame and gear box can tilt iu oitluw dinvd/ion, 
the frame being fitted with a (oi*(pm arm 
provided with the usual dasli-pot, mcnisuring 
spring, balance weight-pan, aud stops to limit 
its motion. 

The two shafts of the gear box are (!on- 
neoted to a prime mover and an absorption 
dynamometer respectively, ortho ])rimo mov(w 
may be fitted as a dynamometer, in whieb (uih<^ 
a steadily running brake only is ixHpiin'd at 
the transmission end. 

The motliod of test is very muesli more 
accurate than that of nioasuring tb(^ “ inf)ni ” 
and output ” torques, for in tlio latter 
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arrangement, when the efficiency of the gear 
box is of the order of 97 per cent, no exact 
results can be obtained, because the errors 
in estimating the two torques directly affect 
the calculated efficiency. 

Consideration of the two cases will show 
that in the latter, assuming the accuracy of 
both torque readings as ±1 per cent, the 
efficiency obtained will vary from 95 to 
99 per cent if the actual efficiency is 97 per 
cent. 

On the other hand, using the more accurate 
method, and assuming the accuracy of the 
dynamometer as ± 1 per cent, as before, and 
that of the torque measurement on the gear- 
box frame as ± 2 per cent, the efficiency 
determination will vary between 96*9 and 
97-1 per cent, i.e. a variation of only one- 
twentieth of the first method. In practice the 
accuracy of the measurement of the torque 


of the springs, proportional to the torque 
transmitted, being indicated by the relative 
displacement of a pointer over a drum 
which carries a slip of paper. The position 
of the pointer at any time during an experi- 
ment is recorded by passing a series of high- 
tension electric sparks through the paper so 
that the magnitude of the torque may be 
directly calculated from the known calibration 
of the springs. A pencil or pen could not be 
used for the indicator because of the difficulty 
of balancing the centrifugal forces called into 
play by the high speed of rotation and also 
the friction of the pen or pencil on the drum. 
Alternate torque springs are wound in opposite 
directions so that the forces produced by the 
tendency to unwind due to centrifugal action 
counterbalance each other ; with this arrange- 
ment it was found that the static and dynamic 
torque calibrations agreed with each other. 



on the rectangular frame can be determined 
to about 3 per cent. 

The apj)aratus has been used to determine 
efficiencies under different conditions of lubri- 
cation, and differences due to temperature 
and quality of lubricant have been ob- 
served. 

§ (7) A K RIAL PROrELLnR DYNAMOMETERS. — 
In order to accurately determine the perform- 
ance and efficiency of airscrews, two dynamo- 
meters have been designed and made in the 
Aeronautics Department of the National 
Physical Laboratory. 

The ])roblom of tlic design of such an instru- 
ment involves the determination of the air 
speed relative to tbe j^ropeller, the torque and 
the thrust, observations of each being made at 
the same instant of time. 

In the two widely different forms described 
below experiments were made on scale model 
airscrews about one-sixth full size. 

§ (8) WiriRLTNO Arm Dynamometer. — A sec- 
tional drawing of the dynamometer is given 
In Fig. 20. The airscrew shaft is driven 
through flat coiled springs S, the extensions 


The airscrew shaft is allowed a small axial 
movement, and it is so supported that this 
movement takes place with extremely little 
friction. The end of the shaft bears against 
an oscillating lever, being directly controlled by 
the thrust spring b, the tension of which is 
adjusted by means of the micrometer screw 
f and two adjustable stops, both the latter 
being insulated electrically from the frame of 
the instrument. 

When the thrust of the airscrew balances 
the pull of the spring the lever floats between 
the stops, but when the thrust is too great or 
too small contact is made with one or other 
of the stops and an indication is thus given 
by means of a galvanometer. 

Oscillations in the torque springs due to 
small irregularities in the driving torque are 
damped by the oil dash-pot K. This con- 
sists of a series of concentric discs, alternate 
discs being attached to the sleeve carrymg the 
inner ends of the springs and to the drum to 
which the outer ends are fixed. The oscillations 
are damped by the fluid friction between the 
discs. 
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The apparatus is mounted on a whirling 
arm about 30 ft. in radius, and the cen- 
trifugal force on the airscrew has no 
component in the direction of the thrust. 
Certain forces due to centrifugal action are 
automatically balanced by suitably placed 
masses. 

The airscrew speed is measured by means 
of the voltage obtained from a small electric 
generator driven by the propeller shaft, or 
alternatively by measuring the time elapsed 
for each hundred revolutions of the shaft. 
The speed of the apparatus relative to the air 
is obtained by means of a Dines tube. All 
electrical and air connections are taken to the 
central shaft of the whirling arm, from which 
they are again taken to an observing table 
where the speeds of the arm and propeller 
shaft are controlled. 

§ (9) Fixed Aerial Propeller Dynamo- 
meter FOR Use in a Wind Channel. — ^A 
sketch of this apparatus is given in Fig. 21. 
It consists of a small electric motor A bolted 
to a cradle, the ends of which are attached to 
two hardened steel points bearing in the cups 
of the Y ” pieces M. These “ Y ” pieces 
are rigidly connected to the lower ends of 
the diagonally arranged wires 0, the upper 
ends of which are supported from the roof 
of the tunnel by stirrups carrying hardened 
steel points bearing in the cups D. With 
this method of support the electric motor 
is capable, if there is no other constraint, of 
a swinging motion in the direction of the 
motor shaft and also of a rocking motion 
about the axis passing through the points B, B, 
this axis being parallel to, and slightly below 
the axis of, the shaft. A spindle arm E, 
projecting from the underside of the cradle, is 
connected by a strut and a “ C ” spring to 
the top of a spindle clamped to the head 
of an aerodynamical balance the vertical 
head of which projects up through the floor 
of the wind channel. The spindle arm E 
and the top of the balance arm are enclosed 
in a guard which is streamline shape surround- 
ing the strut and “ C ” spring. A revolution 
counter driven by the motor shaft and in 
electrical communication with a bell enables 
the rotational speed of the airscrew to bo 
measured. To avoid any unnecessary con- 
straint of the moving parts of the apparatus 
the electrical connections to the motor are made 


through the mercury cu[)s (^. The scale of 
the model airscrew used with the apj)aratus 
needs to be such that the motor witli its 
contiguous i)arts is completely (uuilosed in a 
shell of the model aeroplane body K, and stieJi 
as to ensure sufticient elearancio bctwi^eu the 
surrounding shell and the moving parts of the 
measuring apparatus. The body is suitably 
supported by bars from the widens of the 
channel. 

When measuring tonpic, the rocking axis 
BB of the motor and airscrew, whicli is 
parallel to the airscircw sliafi, is lixcul 
parallel to the centre lino of the ehannd 
by rigidly attaching the “■ V ” pieces to 
the bars L. The brackets at the lower 
end of the arm E and at tlui top of the 
balance spindle are adjusted so that the 
strut which transmits the load to i<bo lop 
of the balance arm is at right angk^s to thc' 
airscrew shaft. A direct calibration of the 
apparatus may be made by applying a 
known torque and weighing directly with the 
balance. 

To measure thrust, the “ Y ” T)iccos are 
detached from tlio bars Jj so that the motor 
and airscrew have freedom to swing in a 
longitudinal direction about the f)oiuts I) jit 
the upper ends of the wires, aiul the points 
B of the motor cradle. Ilie bracjkc^ts on the 
lower end of the arm E and the top of 
the channel spindle arc adjustinl so tbuit the 
strut E which trananiits the thrust to tlu^ 
top of the balance is parallel to tlu^ aii'scuvnv 
axis. A strut N, which is held in position 
with a “(1” spring between the bra(d<(d< 0 
and the cradle and one of the bjirs Jj, pre- 
vents the motor rocking about Uie axis BIk 
The calibration of ibo tlirust a,pparatuH may 
be obtained by applying a known tbrust along 
the airscrew axis and measuring directrly the 
airscrew balance. 

The air velocity in the <5hannel is nKMisurcnl 
by a tilting manometer. n. ir. 


Dynamometer, Buxtihu Ahhooiation. Meo 
“ .Dynamometers,” § (5) (1). 

Dynamometer Oars. “ Dynamo m(di(u*s,” 
§ («^>). . 

Lancashire and Yorlcsluro Kail way Oo.’s. 
See Dynamometers,” § (5) (v.). 
Dynamometer, Hyduauuo: See “Hydrau- 
lics,” § (01). 


E 


Earth : 

Age of, deduced from Cooling. See “ Heat, 
Conduction of,” § (12) (hi.) {a). 
Foundations, Effect of the Percentage of 
Water present on. See “ Friction,” S 
(34) 


Temperature Waves in. Sec “ Heat, 
Conduction of,” § (12) (i.) {a). 

EOOENTRIO CeaR for SiUOE VALVt^H. Hvx) 
“ Steam Engines, Kecij)ro((ating,” § (2) (iii.). 
Eddy CuRRrcNT Brake for Ik)WER MEASiruE- 
mbnt. See “ Dynamometers,” § (2) (vi.). 
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Eddy. Resistance. See “Ship Resistance 
and Propulsion,” §§ (13) and (14). 

Eddy Viscosity. See “ Mechanical Viscosity, 
Friction,” §§ (10), (11), (12). 

Efeicibncies of Internal Combustion 
Engines, Table of Ideal Values. See 

“ Engines, Thermodynamics of Internal 
Combustion,” § (46). 

Efficiencies of Petrol Engines. See 

“ Petrol Engine, The Water-cooled,” §§ (2)- 
(4). 

Efficiency of a Heat-engine. The efficiency 
is measured by the ratio (Q^ - Qal/Qj, and 
Qa being the amounts of heat taken in and 
rejected respectively. If T^ Tg be the 
corresponding temperatures on the Absolute 
Thermodynamic Scale, we have for a revers- 
ible engine 

“ Q 2 Tj •“ T 2 

Qx 

Thus the efficiency of any reversible engine 
working between temperatures T^ and To is 

t; * 

See “ Thermodynamics,” § (20). 

Efficiency of Rankine Cycle. See “ Steam 
Engine, Theory of,” § (3). 

ELASTIC CONSTANTS, DETERMINA- 
TION OF, AND THE TESTING OF 
MATERIALS OF CONSTRUCTION 

§ (1) Introduction. — The reasons for the 
testing of materials of construction are various 
and dej)cnd ui^on the point of view in which 
the inquirer approaches the subject. 

O^ho designer, in order to proportion the 
parts of his machine or structure and apply 
his theoretical calculations, requires to know 
the physical constants of the materials with 
which ho deals. The aim of the scientific 
experimenter is to supply this data in order 
that the theoretical researches in applied 
mechanics may be applied to the problems 
with which the engineer is confronted in his 
practicic. Absolute results concerning definite 
properties of materials form the basis of 
scientific testing. 

Tlio material to bo used in the construction 
of any structure can usually bo obtained from 
several sources of supply and of several grades 
and pri(Kvs. The engineer wishes first to indi- 
cate to the manufacturer the class of material 
ho needs, and for this purpose he supplies 
him with a specification containing among 
other things particulars of tho properties 
required. The design is based on certain 
values for tlie j)hysical constants, and these 
values are the real criterion of tho suitability 
of tho material for tho x^irpose for which it is 
intended. Tlio determination of tho constants 
is usually a slow laborious business requiring 


considerable skill and scientific ability. Ap- 
proximate tests have been devised, which 
are only intended to give a comparative 
indication of the physical properties of the 
material. The results expected from these 
tests are inserted in the specification ; in some 
cases they approximate closely to the scientific 
tests. 

It is, obviously, important for the engineer 
to be assured that the material supplied 
fulfils the terms of the specification, and for 
this purpose he selects sample portions of the 
material and subjects them to the specified 
tests. Commercial testing is therefore carried 
out to determine whether materials conform 
to the terms of specifications. 

There is a further section of the subject 
which has been given a great impetus in 
the last few years, viz. investigatory testing, 
undertaken to determine causes of failure of 
material in actual practice and to improve 
processes of manufacture and design of 
machines and structures. 

The science of engineering is advanced by 
a systematic study of failures probably quite 
as much as by any other branch of research. 
In investigatory testing, rhethods are employed 
to exaggerate certain properties in order to 
compare them in various materials with esise 
and certainty. These same properties can 
probably he studied by a careful analysis of 
the absolute results obtained by scientific 
testing, but the process is difficult and cannot 
be attended with success without considerable 
practical experience. 

I. Testing Machines 

§ (2) General Methods. — There are certain 
methods of test which are applicable to all 
branches of test work. The complexity of 
the machines employed for these tests depends 
upon the number of purposes for which it is 
intended to use them. This complexity is 
contingent upon 

(1) The variety of materials it is required 

to test. 

(2) The kinds of straining action needed. 

(3) The form and size of the specimens to be 

tested. 

(4) The magnitude of the forces to be 

exerted and measured. 

(5) The accuracy required in the results. 

Ry limiting the requirements, the testing 
apparatus can be made of great simplicity. 
For instance, in a transverse testing machine 
such as is used for checking the quality of 
cast iron in a foundry, the test pieces can all 
be of one size, the straining action is always 
the same (the test piece being broken as a 
beam), and there is not a great deal of variation 
of the breaking load. A machine such as 
this is simple and elective. 
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Every increase in the requirements adds 
additional apparatus to the machine. An 
accessory for one purpose will often interfere 
with the running of the machine for another 
purpose, thus causing loss of time in making 
the necessary adjustments for the experiments 
in hand, involving great care in the setting 
of the machine and making it more difficult 
to handle. It is therefore in the interest of 
the user to consider carefully the functions 
which the machine will be called upon to 
perform, and to limit them to a minimum. 
In this way increased efficiency is obtained 
with minimum cost. 

The simplest method of testing is by direct 
loading, and the earlier researches on strength 
of materials were carried out by this method. 
Galileo (1638) and Muschenbrock (1729) made 
many tests on a small scale by this means, and 
where it can still be applied it is the simplest 
and best method of testing available. Owing 
to the difficulty of handling heavy loads it is 
only suitable for use with weak materials. 

When at the beginning of the nineteenth 
century the demand came for tests on a 
larger scale, it was necessary to consider other 
means of appl5dng the force than by direct 
loading, and within a few years the three 
arrangements found in modern testing 
machines were employed, viz. : 

{a) Load applied by hydraulic press — ^no 
weighing device, but load calculated 
from the pressure on the ram. 

(6) Load applied by gearing at one end — 
weighing lever at the other end. 

(c) Load applied by hydraulic press at 
one end — weighing lever at the other 
end. 

In 1813 method (a) was employed by 
Brunton & Co. for a chain-cable testing 
machine. The arrangement for arriving at 
the load was not capable of giving very 
great accuracy. It was necessary to make 
an allowance to the load, which was deduced 
from the indication of a pressure gauge, for 
the friction of the packing of the ram or the 
cup leather, and the amount of this friction 
was extremely variable. 

The Whitworth hydraulic testing machine ^ 
and the 600-ton testing machine of the Union 
Bridge Company at Athens, Pa., U.S.A., both 
use the same principle. The 5000-ton Olsen ^ 
compression machine of the Geological Survey 
and the Bureau of Standards, and the COO-ton 
Olsen compression tester of the Rensselaer ^ 
Institute at Troy both record the load by 
the pressure in the hydraulic press, hut with 
these machines the pressure is transmitted to 
a diaphragm whose area is smaller than that 

^ See Peet, 'Proc, Inst. ]\Iec}i. Eng., 1898. 

® Engineering Record, Pcb. 1909, lix. 

^ Proc. Am. Soc. Test. Mat., 1909, ix. 


of the main ram. The ])roRSure on the dia- 
phragm is measured by a systcun of levers. 
Method (a) has been applied to uuxku'ii testing 
machines by eliminating tlio packing and 
having an accurately fitted rani and (cylinder 
with small clearance, l^y using oil the slight 
leakage between the rain and cylindi'r reduces 
the friction to a practically negligible (piantity. 

The evolution of tlu^ otluu’ twt) tc^sting 
machine arrangements, {(>) and (r), from the 
direct loading method was duo to the introduc- 
tion of the lever. By placing a \ovo.r in 
between the test piece and t/lie load, the 
amount of dead weight re<iuir(Hl was ihhIucxmI 
by the ratio of the lever arms. This arrange- 
ment, although quite suitable for small piee(‘H 
possessing little ductility, was found to bo 
open to the objedion that, as the miiterial 
stretches, the position of the hwcu’ alien's and 
cannot bo adjusted. 

In 1817 ()a])tain J^rown constmeted a cable 
testing machine in wliieli tlio deformation of 
the cable was neutralised, and tlu^ load 
applied, by means of gearing at one (mkI, while 
the load was mcasurcil by a lever at the otluM'. 

The use of gearing was the method of 
straining msocl in America on inaxtiiuoH of 
the lever typo. The same arrangimumt, 
although common on small maebines in f.his 
country worked by hand, had not, howovtu’, 
been used on i)owor-drivcn maeliiiicH until 
recently. 

Another method of counteracting fht^ de- 
formation of the tost pi<‘co was applied by 
Lagerjhelm, of the School of Mim^s at Stiock- 
holin, who coiuIucUhI expcrinuMits in 1825 
on a 7-ton machine in whhti a hydraulics ram 
neutralised tlio give of tlu'i test picx'ci and 
applied the load, ivhicti was mcvisurcxl by 
weights acting on a knex^ ku'CM*. About tlu^ 
same time, that ])rinciple was also (unploycxl 
by Bramali'^ in the (x>iiHtru(‘.tion of a machine 
used at Woolwich Dockyard hy flu^ Pro- 
fessor Barlow foi* some of his (^xpcn’inuMits on 
the strength of inaterials. I’his metliod of 
construction is, however, always asHocuaficxI 
with the name of David Kirkaldy, who in .1866 
erected, in London, his well-known mac'hine 
of 4-00 tons capacity. Th(^ (^()mf)in}vtion of 
hydraulic ram and levers has sinc»e bccai in 
common use in maclunos of many designs, 
the chief dilToroncos in these (h^signs Ixdng in 
the arrangement of the lever or Iovcm'h and 
their position relatively to that of Die tc^st 
piece. 

Thomasset,® in about fche year 1872, 
measured the load on the Uwor by nnuins 
of a diaphragm piston with an extremedy 
liniited motion, and balanced tlu^ load on 
tho piston by a mercury gauge. Maillard and 

* Barlow, t^tnmgth of Materiajs, London, 1851, i), 
258. 

“ Lebastour, Lcs Mdtaux, p. 52. 
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Enaery a few years later dispensed with the 
lover and transmitted the whole load to the 
diaphragm. Emery ^ constructed a machine 
of 450 tons capacity in which the pressure 
on the diaphragm piston was measured by 
transmitting it to a smaller one in which the 
mercury gauge of Thomasset was replaced by 
a system of levers and weights. 

The first essential requirement of a testing 
machine is accuracy — the load shown by the 
machine should be an accurate indication of 
the real load to which the test piece is sub- 
jected. In order to obtain complete accuracy 
it is necessary that : 

(1) Simple means should be available for 


the operator, and in sldlful hands errors due 
to tliis cause can be reduced to a very small 
amount. 

§ (3) Horizontal and Vertical Machines. 
— Testing machines may be arranged in either 
of two ways : 

(i.) In which the load is applied horizontally 
— horizontal testing machines. 

(ii.) In which the load is applied vertically 
— vertical testing machines. 

For testing long specimens it is usual to 
employ a machine of the horizontal type in 
which it is necessary to support the test piece 
and the grips which hold it, otherwise forces 


establishing the truth of the indications of 
the machine — it should be capable of being 
easily calibrated. This calibration may 
alter with use ; if of the lever type the 
knife edges may wear or he displaced, 
and, on a three-inch fulcrum distance, 1 per 
cent error in the readings would be caused 



A, Fixed Leverage and Variable Load 


by a displacement of only 0-03 inches. 

(2) The sensitiveness in work- 

ing should bo adequate, i.e. small — 

differences in the load should be LIZIIIZ 
readily indicated. 

Another desirable feature is simplicity — 
not simplicity resulting from a mere re- 
duction of the attachments for the various 
tests, but that obtained by ensuring that 


' Centre of Grauity of 
JocAey Weight 


— fnuarlable Load 


B. Fixed Load and Variable Leverage 


the varied re(j[uirements are carried out 
without undue complications. This not 

only reduces the parts liable to 

alteration with use, but renders 
the machine capable of rapid and ~ 

easy manipulation during test, a 

featuro which is os]Docially important in a 
machine to be used for commercial testing. 
Other requirements necessary in a machine 
or coniincrcial testing are : 

{a) The tests should 1)g accessible from the 
front of the machine, and the scale and con- 


~ Movable Joobby Weight 


Weights at 
Fixed Leverage E 


C. Movable Jockey Weight combined with a 
Load at a Fixed Leverage 


trol lovers within easy reach of the operator. 

(6) The test piece should be easily inserted 
in tlio maebinc, i.e. the method of gripping 
should bo simple and convenient. Eor 
laboratory work it is advisable that the 
machine should be conveniently arranged to 
take an autographic apparatus for registering 
the results, and should be generally adaptable 
to all sorts of conditions which may from time to 
time bo necessary for varied experimental work. 

The liability of the testing machine to 
subject the specimen to momentary shocks 
should also bo considered. The inertia in the 
lever and weights (in that ty]D 0 of machine) 
may increase the stress in the test piece beyond 
that indicated by the scale reading of the 
jockey weight. The construction of each 
machine should therefore be understood by 

^ vS(‘c Towne, Inst. Mech. Eng. Proc., 1888, pp. 206 
and 418. 


Fig. 1. 

are applied to the test piece which are not 
measured by the load-measuring apparatus. 
The vertical testing machine, however, is more 
convenient to handle and, except in the cir- 
cumstances mentioned above, is the arrange- 
ment generally adopted. 

§ (4) Modern Testing Machines.— Modem 
testing machines usually consist of four main 
parts : 

(i.) An arrangement for applying the load. 

(ii.) An adjustment to neutralise the effect 
of the deformation of test piece so as to 
provide that there is no movement of the 
point of attachment of the test piece to the 
weighing apparatus. 

(iii.) A method of measuring the applied load. 

(iv.) Holders for connecting the test piece to 
(i.) and (hi.). 
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The various types of testing machine differ 
in the way in which these requirements are 
carried out. The first and second parts are 
usually combined, and the load on the test 
piece is applied to one end either by (1) a 
straining cylinder actuated by a pump and 
accumulator, screw compressor, or oil pump 
(hydraulic rotary or direct driven) ; or (2) screw 
gearing driven by hand or by power (such as 
an electric motor). Screw power testing 



Pig. 2. 


machines are divided into two general types — 
the rotary screw and the rotating nut. 

The load or force exerted on the test piece 
is measured (a), more commonly in Great 
Britain, by a lever or system of levers with 
weights or a movable counterpoise forming a 
weighing apparatus ; 

(b) by balancing it with fluid pressure acting 
on a diaphragm ; 

(c) by measuring the pressure of the oil or 
water in the straining cylinder ; 

(d) by calculating the load frotn the angle 
through which a weighted pendulum is lifted. 

Testing machines using methods (b) and 


(c) have the advantage that fh(\v are 
cheaper to make than tlie \v(4glung lever 
machine, arc ])raciieally free from iiKU'iia 
forces, and the load is autoiuaticuilly adjusted 
to the stress. They, liowovuu*, ret|iurc very 
careful attention and calibration, and arc con- 
sidered by the Board of Trade to undc^- 
sirahlo for use when maldng accoj fiancee t('.stH. 

§ (5) TYt’PS ojf Tj^stijj(^ Maohines. Laver 
Testbig Machines.— lly far the largest number 
of machines measure tlie load by use 

of a lever. The loading of tlu^ Uwer is 
elfected either by (a) adding separate weights 
to a scale pan placed at a fixed Uw(U’ag(j {i.e. 
fixed ievorago and variable load) ; (/>) having a 
single jockey which travels along the Ix’iam 
{i.e. fixed load and variable lev(uage) ; (e) a 
combinatit)n of {a) and (b). 

These arrangements are iiulicah’id diagram- 
matically in 1. With cither of ilu^ methods 
the following i)oints must be borne in mind : 

(1) The lover during the test will c^hangc^ 
its position, and in order to sec.un^ (‘.onstauti 
leverage the xxunts of application of* the loads 
must bo in a straight line, i.e. the curntre of 
gravity of the moving weight and any knife 
edges em])l()ycd must all lu'i in a straigldi line 
or, if the moving weight is hung from a kniie 
edge, the knife edge must travel along that 
line. 

(2) Any addition of weights during a test 
must ho carried out without producing shocks 
on the specimen. In those nnuduiU'S in wliitdi 
weights are added to the seak^ pan it is usual 
to carry this out by a mecdiaiiical ai:rang<uu{nit 
sucih as is shown in Li(/. 2. 

In some machines the load is measunsl by 
the height to which a pendulum bol) is rais(Ml. 
This can bo considered as a modilhiation of 
the lever method. 11 shows how i(f was 

cmxdoycd in the tests descrilxMl in tlu^ British 
Engincoring Standards Assoedatiou ivoport 
No. 55. 

It is desirable that, on the sanu' ma.ebin(\ 
the jKucentago accuracy of reading tlu^ lon,d 
should bo the same with small as with, larger 
specimens, and it is therefore usual to arrangt^ 
modern testing maebiru^s so thali th<^ sauu^ 
length of scale is e(|nivaleut to at least l-wo 
valuo.s of tlie load. This is tuirrio<l oul* (uilu'r 
by varying the leverage or varying tlu^ wedght 
of the moving 1 ) 0 ise. 

Tho leverage is varied by providing altxM’- 
nativo fulcra. This method is introduces! into 
tho Wickstoed vertical machine (h(h» IOa), 
and consists in ])roviding a third kuih^ (xlgc^ 
which can bo pub in or out of gcMir. Wlum it 
is in place, tho knifo-odge distances is lm'g(^ and 
the maohino is arrangcxl for use with W(^ak specL 
mons, otherwise tho full cai)acity of the maclum^ 
is available. Thus the same counterpoiw^ may 
rexuesent say 50 or 100 tons for tlu^ same 
travel of tbc couuterpoiso along th(^ I(W(U, 
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according to which fulcrum is used. The 
method of operating the third knife edge is 
shown in Fig. 4. The three loiife edges are 
in the same line, but the movable support Y 
for the third knife edge Z is raised so that 



when it is placed in position by the worm 
gear there is a slight clearance over the support 
X, as shown in Fig, 4 (B). 

The weight of the moving poise is varied in 
machines supplied by Messrs. W. & T. Avery, 
Ltd. The counterpoise is split, and for small 
loads a part of it is detached and used as a 
separate poise. 

In order to obtain a high mechanical advan- 
tage, without making the short arm of the 
lover very small, some machines use a multiple 
system of levers, each with comparatively small 
mechanical advantage. It is therefore con- 
venient to divide lever machines into two 
sections, (1) those using a single lever, (2) 
those in which the levers are compounded, 
and to subdivide those sections according as 
to whether the test pieces are vertical or 
horizontal and whether the load is applied by 
a straining cylinder or screw gearing. 

§ (G) Single- L iiVER Machines, (i.) Yerti- 
caJ. — Fig. 5 shows diagrammatically the 
simplest arrangement of a single-lever machine, 
this being the principle adopted by Mr. Wick- 
steed.’- It is a vertical machine with a single 
horizontal lever A on top, to which one end of 
the test piece B is connected. A movable poise 
C weighs the load, which is applied to the other 
end of the tost piece by the ram of a hydraulic 
1 Infft. MiWi. Eng. Proc., 1882, p. 384. 


press (as shown) or by screw gearing. The 
following are modem examples of machines 
which use this principle. 

(ii.) “Arery” 104on Fledrically Driven 
Single-lever Testing Machine . — This machine is 
shovTi in Fig. 6. A is the weighing lever and 
B the poise weight of 840 lbs., which is moved 
by a control screw C. The screw is driven 
by hand at I) through gearing E and F 
and a hooked joint Gr 


^ Pull by Straining 
Cylinder 


Wire rope attached 
to automatic gear 
to prevent weight 
falling back upon 
fracture of test piece 




which is placed on a 
line with the fulcrum. 
The straining of the 
test piece is produced 
through worm and 
spur gearing by means 
of an electric motor 
H, whose control is 
located at I on the 
standard near to the 
hand wheel propelling 

/ the poise weight. 

The indicator J, which shows the 
equilibrium of the steelyard, is also 
close at hand, so that the operator has 
all the controls within easy reach. The 
free end of the lever plays in a space 
in the supporting pillar K. Springs are 
provided to take the shock when the test piece 
breaks. 

The grips for the test piece are shown at 
L and M ; these are provided with attachments 
for test pieces with either screwed or enlarged 
ends. The upper grip is attached to the lever, 
while the lower one, which slides in guides in 



Clearance between knife edge 



the standard 0, is connected to the straining 
screw P. The second knife edge Q rests on 
the standard 0. 

(iii.) “DemsoTis” SO-ton Testing Machine . — 
In this machine, shown in F igs. 7 and 8, the load 
is applied by a straining cylinder, the pressure 
to which is supplied by a patent hydraulic 
rotary oil-pump. This pump has a variable 
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delivery in either direction whilst being con- 
tinuously driven in one direction. The drive 
can either be by direct coupling to an electric 


JL vVVvv motor, as shown 

\\\^ in Fig, 7, or by 

T ^ from a 

PI countershaft. A 

I Vvw similar pump is 

/Ja vvO^ driving 

VvN^ standard 

I vvvs jocb:ey weight 

\v^ in either direc- 

speed 

RxV^ at which it 

wri m^uiic ^ 

I' varied by means 

I of ^ lever jilaced 

in a convenient 
position. 

^ The machine 

is supplied with 
tell-tale devices, for indicating to the operator 
the functions of the various parts, as well as 
all the features which are indispensable for 
accurate work. 

(iv.) B^icUon's 100 -ton Machine , — A photo- 
graph of the machine of this type which is 
installed at the N.P.L. is shown in Fig. 9. The 
load is appHed by a hydraulic ram and cylinder 
which are placed in a pit below the floor level. 
A pressure of 1 ton per sq. in. is supplied to the 


photograph is fitted with alternative fulcra 
(see § (5)) giving a short knife-edge (Ustance 
of either 3 or (> inches, so that the jockey 
weight of 1 ton in travelling 
the full length of the scale 

— Q can bo arranged to give 

“ ^~Q either a load of 100 or 50 

tons. 

Another feature of the machine is the 
arrangement which has been added at the 



N.P.L. to prevent the joc.key weiglit a(‘.eicl(uitally 
running past the end of th(^ scale in (niilu'r 
direction. When a considerable nutnlxu’ of 



Fi&. 6. 


cylinder by a hydraulic pump and accumulator 
driven by an electric motor. The counter- 
poise is driven by hand or mechanically by 
fast and loose pulleys operated from a suitable 
line of shafting. The machine seen in the 


tests have to ho carried out, it is usual for the 
operator to measure the extension, conf.nudion 
of area, etc., and enter up his results, while the 
counterpoise is running back for the next lest. 
It detracts from bis attention if h<j has to hc^ 
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continually on the alert to stop the counter- 
poise at the right time. The gear is shown 
in detail in Fig. 10, and operates on the belt- 
throw- over gear. The shaft A operates the 
gearing for driving the weight along, placed 
at the end of the beam, and is worked from the 
small countershaft (not shown) through bevel 
wheels B. The striking gear of the counter- 
shaft is operated by a shaft C, which has a 
handle (not shown) on its lower end. A spur 
gear on shaft A operates a screw D through 
gearing. This screw is so arranged that it 
does not rotate but traverses horizontally as 
the weight is run along the beam. The screw 
carries a projection E working in a bracket 
F attached to the striking gear shaft 0. 
Adjustable lugs G and H are fitted on to 
this projection and are arranged so that when 
the counterpoise reaches the extreme end of 
its travel, in either direction, one or other of 
the lugs G and H will rotate the striking 
gear shaft and throw the driving belt on to 
the loose pulley of the countershaft. The 
lugs can be adjusted so that, for any series of 
tests, the counterpoise will be stopped at any 
predetermined position along the beam. A 
photograph of the gear is given in Fig. 10a. 


Munich exhibition in 1854, since when a con- 
siderable number of similar machines have 
been constructed. The arrangement of the 
machine is illustrated diagrammatically in 
Fig. 11, from w^hich it will be seen that, 



Fig. 8. 

(1) only one lever is required for a 500 to 1 
leverage, and (2) by an ingenious arrangement, 
the ram, lever, and W’eights are all at one end 
of the machine. It is thus a simple matter 



(v.) (Horizontal). The Werder Testing 
MacJiine. — The Werder machine, exten- 
sively adopted in Germany, is a horizontal 
singlo-lever testing machine, in which the 
load is applied by hydraulic pressure, but 
is measured by dead weights on a single 
lever. The type was originally designed by 
Ludwig Werder in 1852 and exhibited at the 


to adapt the machine to take test pieces of 
any length. 

The test piece T is held at one end in the 
framework of the machine A, and at the other 
pulled by the short arm Lj of the lever, to 
which it is connected by a crosshead and long 
bolts, shown in the diagram by a connecting 
rod EF. At the end of the long arm of tho 
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lever hangs a scale pan W. The central 
fulcrum of the lever G rests on the end of 
the ram C, so that, as the test piece extends. 


The test piece is pulled from the main 
crosshead V by four rods (two shown in 
plan as T^ and T^) , these rods arc cionuccitcd 



the ram moves ont, carrying the whole measur- 
ing apparatus with it. The arm L is kept 
horizontal by the help of a level which is 



Fig. lOA. 


fixed to it. Fig. 12 shows a sectional elevation 
illustrating the principal knife edges? ~ and 
Fig. 13 gives a plan of the machine. 


vertically in pairs by cross heads and lT,j, 
and pull thi'ough knife oclgcs (\ and C\ 
on to a largo U-sha])od hloc-k Q, to wbkdi 
the -lever Qi is rigidly attached. Block 
has two openings in it, through wliitih the 
erossheads and Ua pass. The horizontal 
line through 0i and 0^ pasHOs through the 
axis of the test piece. 

The whole systoni of rods and erosHlnvids 
hangs from the ram crosshead at and 
on the traverse bar 00. ^rho block Q 
hangs from this bar by the knih'-edge^ links 
Pj, p 2 knife edges being in the same lirx^ as 
balance being adjusted by the 
sliding weight S. 

In the middle of the block Q tlu^ knife 
edge b is fitted; this boars against a steed 
face a forming part of iln^ ram erosshead. 
This knife edge is 3 mm. lower than tlu^ lin<^ 
of the others. Thus Lh(' ram coming out 
applies a load to the t(‘st piece tlirough th<^ 
block Q, knife edges Oj and 0^, croHHli(‘a<ls 
Uj and Ua, and the rods and IV Ah tlu^ 
knife edge is 3 mm. out of line with <\ and (ti 
a bell-crank lever is formed, tlu'i small arm 
of ■which is 3 mm. and the long arm 1500 nim., 
ie. the distance the scale pan is away from 
the knife edge. 

It is clear that the length of tlie short arm 
of the lover (3 mm.) cannot he directly (duHikcKl 
with sufficient accuracy, a controlling arrange- 
ment is therefore provided consisting of a ktuH^ 
lever /o having a fulcrum on tlu^ frame K 
and a ratio of 10 to 1. The knife edges on 
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this lever can be accurately measured by 
ordinary means, and, to test the accuracy 
of the 500 to 1 ratio, a direct calibration can 
be made. 

The ram C is 11-8 inches in diameter, the 
knife edge h is 14J inches long, and the 
two knife edges and C2 are together 15 
inches long, so that the pressure upon them 
is about 7 tons per linear inch at full load 
(100 tons). 

The pressure is obtained from two pumps 
worked by hand or power and placed at the 
side of the machine — a small one of 0*4 
inch diameter, used for the full load, and a 
larger one, 1-2 inches diameter, for use up 
to a load of 20 tons. 

The arrangement shown is for tension 
tests ; for compression tests the pull is trans- 
mitted through links from Y to a back plate, 
or for short specimens the space between V 
and the back of the cyHnder is utilised. 

§ (7) COMrOUND - LEVER MACHINES. (i.) 
Vertical Machines with Screw Power . — This is 


columns Gi and Gg attached to the weighing 
table. 

(ii.) Olsen^s 200,000-lh. Testing Machine . — 
Fig. 15 shows the 200,000-lb. Olsen four- 
screw compound-lever testing machine of the 
rotating nut type. 

Straining Mechanism. — D, X) are the straining 
screws which are attached to the pulling head 
C, to which one end of the specimen is 
attachecL They pass through holes at the 
comer of the platform E and through 
openings in the levers F and bed-plate G, 
and enter the driving nuts H and H^, situated 
below the latter. 

The driving nuts H and Hi, which are 
made extremely long to ensure a long life, 
are driven by means of gearing JKMN 
operated by pulleys and belting. As each 
screw is fitted with feathers, in longitudinal 
slots cut through the threads, to prevent them 
from turning, rotation of the nuts causes the 
screw^s to either rise or fall, carrying the 
pulling head C with them. The thrust of 
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the arrangement of machine which is largely 
used in America and is shown diagrammatically 
in Fig. 14. Tho straining mechanism is of 
two types — tho rotating screw and the 
rotating nut. 

With tho rotating screw machines, the 
})ulling screws pass through nuts which are 
fastened to tho i)ulling head A. The screws 
are keyed to and rotate with the main gears 
through bearings in the cover plate, thus 
moving tho head or down. 

In tho rotating nut type of machine, bronze 
nuts ai’o fastened in the main gears and rotate 
with them, pulling the screws, to which the 
head is attached, up and down. The gears 
rest on hmg ])odestals bolted to the base 
])lato of the machine, and in these pedestals 
keys arc iixod which prevent the screws from 
turning. 

Tho thrust, in each case, is taken on the 
underneath side of the cover plate by ball or 
roller bearings. Tho rotating nut machine 
usually rc(| Hires a pit or opening in the 
foundation for the screws which project below 
tho base line of tho machine. 

Tho weighing ap])aratus consists of a weigh- 
ing table 0, lovers I)i and Hy, and a graduated 
beam E. For tensile strain there is also a 
weighing or top head F and two weighing 


the nuts against the bed -plate ,G is taken 
by ball thrust washers. 

(iii.) Weighing Apparatius . — The weighing 
mechanism is essentially the same as that of a 
platform weighing machine. The load on the 
test piece, applied by the straining mechanism, 
is communicated to the platform E either 
directly in a compression test, or through the 
medium of the upper steel plate B (to which 
one end of the test piece is wedged) and 
columns A in the tensile test. 

The platform rests wholly on three main 
levers F so constructed as to act as a single 
lever, and any pressure on it is transmitted 
directly to them. The knife edges of only one 
of these levers are shown in the figure. 

A second multiplying lever F.^ is placed 
above and parallel to the lever F, and is con- 
nected to it by a stirrup Jg- The reaction 
of the lever Fa is taken at K on a strong 
iron framework wliich is secured to the gear 
box of the machine by a diagonal brace. 
This framework also holds the support Lg for 
the fulcrum of the graduated steelyard F3, to 
which the load is transmitted from lever F2 
by the link n. 

A cylindrical weight W, which runs on a 
screw, adjusts the zero of the beam, while a 
poise g, which travels on wheels, balances the 
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load applied. The steelyard is graduated np to 
100,000 lbs., and an additional weight on the 
end of the lever adds a further 100,000 lbs. 

(iv.) Horizontal Compound Lever Machines . — 
Eor testing long pieces, a horizontal testing i 
machine is essential. In order to 
obviate the difficulties introduced 
by the small knife-edge distance 
of the Werder machine, multiple 
lever arrangements are used. A 
bell - crank lever is adopted to 
convert the horizontal force into 
a vertical one, and this is combined 
with the weighing lever, either with 
or without the introduction of 
intermediate levers. 

The arrangement of two ma- 
chines of this type is given in Fig. 16. 

(v.) Large Horizontal Machines. 

— In order to carry out tests 
on built-up structural members of 
a practical size, machines of large 
capacity are required, and for this 
purpose no machine of less than 
300 tons is of much use. Excluding chain 
testing machines, the best examples of large 
horizontal machines built in this country are : 

Kirkaldy’s machine of 400 tons built in 1866. 


(vi.) The Birmingham University 700,000-lb. 
Testing Machine . — This is a universal machine 
with a capacity of 700,000 lbs. and takes 
tension bars 28 ft. long and columns 30 ft. 
long. The span for bending tests is 20 ft.. 


and the wedge grips take a maximum size of 
6 X 2^ flat or Sf'' diameter. 

A diagrammatic view of the machine is 
given in Fig. 17 and more detailed drawings of 




The 300- ton machine of the Conservatoire 
des Arts et Metiers at Paris built by Messrs. 
J. Buckton and Co. in 1904.^ 

The Avery Machine ^ of 700,000 lbs. in- 
stalled at Birmingham University in 1909. 

^ Bnovneering, Sept. 2, 1904. 

® Engineer^ May 21, 1900. 


the straining and weighing mechanism in 
Fig. 18. 

The machine has a ram K at one end and 
the lever system D at the other. The heavy 
cast-iron bed X.X has substantial standards 
HH at either end whose tops are connected 
by horizontal columns YY with the distance, 
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of about 4:0 feet, between them -without 
intermediate support. There is therefore a 
clear span along the top and sides, enabling 
hea-^ry test pieces to be lowered in position 
by the traveller running overhead. To one 


standard the cylinder L is bolted, while 
the lever system is fixed to the other. 

The load is applied by hydraulic pressure. 
At Birmingham the town pressure of 100 lbs. 
per square inch is available for low load tests 
and gives a total thrust of 35 tons. For tho 
full capacity of the machine an accumulator 
supply of ten times the pressure is used. The 
diameter of the ram is 32 inches and its stroke 
66 inches. The main cylinder L, bolted to 
the standard, forms part of the machine frame. 


by means of four notched racks N, sliding in 
the frame of tho machine, which arc fixed to tlio 
head of the ram and into which the crosshcad 
No. 2 is keyed in any desired fx^sition. 

One end of the tost piece is fixed to tho 
crossliead No. 2 and the other 
end to tho crosshcad No. 3 for 
compression and tho crossln^ad 
No. 1 for tension. Crosshcads No. 1 
and No. 3 are suspended from knife 
edges on the to]) of tho frame Y and 
are connected i)y tension rods P, P 
■which, when crosshcad No. 3 is in use, 
Horizontal transmits tho load to tho kwer system 
through crosshcad No. 1 and iho main 
link B-B. Tho main link BB pulls on 
the top knife of a boll-crank k^.vor 
through a hardened steel bearing 
block Q. Thus, for compn'Hsion, tho 
load is oornmuni(‘,atod to the rveighing 
apparatus from the ram by way of (1) 
sliding racks N, N, (2) travelling cross- 
head No. 2, (3) tho tost ])ie(!c., (4) the 
floating crosshcad No. 3, and rods l^ P, 
(5) crosshead No. 1, and (fi) main 
link B. 

The weighing apj)aratiiH cumsisis of a 
boll-crank lover A whoso ])riucipal knife (xlgo 
Ki, 5 feet long, thrusts against a plat(^ fitted 
in the bod of tho machine. Tho load is api)li(^d 
by tho main link 15 on to a knife edge Kg 
similar to tho princij)al knife cdg(^ but a short 
distance above it and forming with it tho 
short arm of the lover, ^rbo inL(^nne(liatlO 
levor C and tho main stoolyard 1) ar(^ at 
right angles to tho axis of tlio machines 
former has its fulcrum on a substantial 
casting E fixed to tho Ixul of tlu^ inaohino, 




m 








Diagram of Greenwood and Batley’s 
Testing Machine 



Diagram of Buckton’s Horizontal Testing Machine 
TIG. 1C. 


Note:~The Intermediate Lever (C) and the Main 



K 

(Main Ham) 


Auxiltaty 

Ham 

M 


and the main ram K, having an internal 
diameter of 20 inchc.s, moves over an auxiliary 
fixed ram M whose function i.s to provide for 
the return of the main ram after the test is 
completed. The main ram is diiven forward 
by admitting low-pressure water behind tho 
fixed ram. The load on the ram is com- 
municated to the travelling crosshead No. 2 


and the load from tho bell-crank 1(W(U’ is t rauB- 
mitted to it by tho link and shattkU^s (p F- 
whilo tbo latter has its fulc.nim HUf)i)ort(Hl 
by a oolumn M on the side of the machine. 

Tho s])Iit (lonntorpoise systcim § (5)) 
has boon adopted in order to oht/dn an optxr 
scale for small loads. In this (lase it is (livi<hHl 
into seven equal poises giving, separably, a 
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maxim-um load of 100,000 lbs., and when 
combined the full load of 700,000 lbs. 

The counterpoise can be moved by hand or 
operated mechanically through a screw, and 
all the movements are controlled by one 
operator at the lever end of the machine. 

§ (8) Diapheagm Machines. r~Diagrammatic 
sketches of diaphragm machines are given 
in Figs. 19a to c. Fig. 19a represents the 
Thomasset machine,^ constructed about the 
year 1872, in which the load is commum'cated 
through the test piece t to a lever I, the end 
of which bears on to a diaphragm d. The 
pressure of the lever on the diaphragm is 
balanced by fluid pressure, the amount of 
which is measured by a gauge. 

The Maillard machine (Fig. 19b) is similar 
to that designed by Thomasset except that 
the intermediate lever is dispensed with, the 
pressure being taken directly on the diaphragm, 
which is consequently much larger. The 
Maillard principle is adopted by Messrs 
W. H. Bailey & Co. in their 5000-lb. Ster- 
Hydraulic tester, and is a very convenient 
arrangement for small testing purposes. The 

^ Lebasteur, Les Mitaux, p. 52. 
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load is applied to the back of the diaphragm, 
and the pressure in the diaphragm chamber 
is measured by a pressure gauge or mercury 
column. 

& Fig. 19C represeats the 



Test Piece- 

(t) 

Fig — Thomasset’s Testing 

Machine, 

Emery machine, the first ex- 
ample of which was completed 
in 1879 ; it is really a com- 
pound lever machine with a 
hydraulic lever introduced 
between the test piece and 
the weighing apparatus. The 
puU of the test piece t is com- 
municated to a diaphragm D. It is trans- 
mitted from this to a reducer R, the pressure 
on which is balanced by the lever systeni. ■ 
(i.) Einery Machines. — The first Emery 



the Board was the acquisition of an 8()(),()00-lb. 
testing machine which they ordei-ed from 
A. H. Emery of New York. Tliis was 
completed in 1870, and is one of the 
largest and most accurate testing machines 
in the world. Unwin, after inspcHd- 
ing an Emory machine, said: “The 
merit of the Emory niachiiio was 
that, while it had boon made as 
much more delicate and sensitive tlian 
an ordinary machine as a cluunist’s 
balance was in comparison with a 
grocer’s scales, ibis result bad at 
the same time beem obtained • by 
means which rendered the more sensi- 
tive juachinc less liable to injury, 
leas liable to wear, and less liabbi to 
got out of order, than the ordinary 
macliine.” 

The principal T)cculi!uiUeH of the 
Emery maebino are : (a) An arranges 
mont of hydraulic ebambeu's and dia- 
phragms able to recun VO largo pressures 
and shocks without injury and to, 
transmit thorn to a convenicnit j)oint for 
measuring and recording. 

(h) The roplacomcmt of knifes (ulges with 
thin blades of stciol. Those were iiitroducuHl 




Test^ 

Piece 

ct) 


Fiat Plate Springs] 


HudrauIicGhambera Opiate Springs 
and Diaphragms 


Fig. 19C. — Diagram of Emery Machine. 


machine owes its origin to the United States 
Board for testing steel, iron, and other 
materials, who entered upon their work in 
1875. One of the most important actions of 


to “ almolutc'ly 
eliminates fric- 
tion and to 
f)r('S(n've indc^- 
iinitely th<^ ful- 
(nuirn inlcnwals 
or distance's prey- 
ed sol y as lirst 
adjusteul, luid 
to rcHist and 
trausmil^ all tlie^ 
|)reHHureH eind 
shocks to whicli 
the fulen’nnm 
are Hubjeuduu! 
without ill the 
slightest degree impairing theur .sensiiiveuieHs 
or durability,” 

Numerous maohiuos have beem rnaelei in 
the United States sine'.o 1879 on the Emery 
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principle. Figs. 20 and 21 show particulars 
of the more im})ortant working parts of a 
300,000-lb. vertical Emery testing machine ; 
detailed drawings are given in Mr. Towne’s ^ 
paper. 

(ii.) S00,000-lb. Emery Machine [Figs. 20 and 
21). Straining Gear. — A tension test piece A 
{Fig. 21) is shown between the shackles U and 
L of the machine. The upper shackle U is 
attached directly to the ram P of the straining 
press, which is carried by two main adjusting 
guide screws M rising from the bed of the 



Fig. 20. 


machine P. The vertical adjustment is 
effected by means of the nuts N, which are 
geared togetlier and are rotated through a 
shaft and bevel gearing by a handle X. 

The fluid pressure is conveyed to the ram 
by the pipes T^^ and Tg, which have swivel 
joints to allow for adjustment of the straining 
cylinder. 

(iii.) Hydraulic Lever. — The lower shackle L 
is secured to a yoke consisting of two blocks 
H and B connected by four steel bolts W. 
In this yoke the hydraulic support S is 
placed between the two beams and G 2 . 
Thus the load is transmitted directly to the 
hydraulic support through the yoke and 

^ See Towne, Inst. Mech. Eng. Froc., 1888, pp. 206 
and 448. 

VOL. I 


beams; the upper block H acting on beam 
Gi for compression and the lower block B 
communicating the tensile load through 
beam G. 2 . 

The yoke is secured in its proper position 
by flat plate springs I which hold it steady 
laterally while leaving it free to move verti- 
cally through the small range desired- The 
hydraulic support S {Fig. 21) is showm in detail 
in Fig. 20 and consists of a piston I) which 
can move vertically 0-001 inch in a fixed 
ring and base block (N and K). A space 
of 0-1 inch is allow^ed between the piston 
I) and the ring N. 

The lower surface of the piston and the 
upper surface of the base block are turned with 
annular grooves and are lined with soft sheet 
brass 0-005 inch thick. The linings form a sac 
by being interlocked as shown in the diagram. 
The piston D, while permitted to move verti- 
cally, is secured against lateral motion by 
an annular diaphragm Y at its upper surface, 
and the exposed portion of the working dia- 
phragm or upper portion of the brass sac at 
its lower face, which acts as a flexible hinge or 
joint. The sac is filled with alcohol and 
glycerine or refined kerosene od, and the load 
when applied to it is transmitted to a smaller 
hydraulic chamber or reducer R {Fig, 19c), 
containing a similar thin film of liquid, 
where it is balanced by the lever weighing 
apparatus. 

(iv.) Weighing AFF^ratm. — The maximum 
load of the machine is thus reduced to a maxi- 
mum of 10,000 lbs. on the reducer, and this is all 
the load that is conveyed to the fulcrum plate 
of the main lever M {Fig. 19c) of the weighing 
apparatus. Thin pieces of tempered steel are 
used instead of knife edges, and are forced, 
under a pressure of about four times the 
working load, into the pieces that they con- 
nect. The relation of the beams, which have 
a total multiplication of 20,000 to 1, is 
shown in the figure. The total reduction of 
load is 600,000 to 1, so that very small weights 
are all that are necessary to keep the levers 
horizontal. 

(v.) Calibration. — The hydraulic support is 
tested with known loads, applied by a “ rating 
machine,” up to the maximum capacity of 
the Emery machine. The exact w^eight re- 
quired on the weigh lever to balance a 
known load on the machine is thus found 
by actual test, and the poise weights are 
carefully adjusted in accordance wdth this 
calibration. 

The rating machine is a carefully constructed 
dead-weight loading appliance. The weight 
was produced from standard weights accu- 
rately adjusted at the Bureau of Standards, 
Washington. 

§ (9) Machines with no Weighing De- 
vice. — Machines in this class are those in 
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which the load is applied by a fluid press, 
and the stress in the specimen is calculated 
from the pressure on the plunger. 

An objection to tliis method of test has been 
that errors are introduced into the results 



Fig. 21. 

owing to the variability of the friction caused 
by the ram packing. This objection has noAv 
been overcome, in the machine constructed by 
Messrs. Alfred J. Amsier & Co., by using oil 
as the fluid together with an accurately fitted 
ram and cylinder with small clearance, thus 
eliminating the packing friction. 

(i.) Amsier Testing Machine . — A 50-ton uni- 
versal machine of this make is shown in Tig. 22. 


Each installation consists ol three main 
parts : 

(1) The press or actual testing machine P. 

(2) OLc oil pump for pnxlucing the ])reHsurc C. 

(3) The pendulum dynamometer D for meas- 

uring the load from the oil press- 
ure in the pressure cyliiulor. 

(ii.) The Press . — 'fho press is 
fixed to tho top ])art of tho 
machine, ami the movable cradle 
carrying tho uj)pergrij)H is freely 
suspended from tho ram by two 
rods connected by a crossliead 
which rests on tho to[) of the 
ram. Tho bottom of tho eylimler 
of tho press is held rigidly to tlu^ 
base of the maeliine by four 
round cojiumis, whu^h are made 
heavy enough to (^ai-ry th(^ supeu’- 
structuro and ilie ma,.Kimum load 
without deformation. 

The base itself do(vs not ia-ke 
any of tho load applied to the 
test bar T, it is i*('(|uire(l nuM’c^ly 
as a support for the ma(‘hine a.nd 
to raise the woi’king parts to a 
conveniout luught above the floor 
level. It is made in the form of 
a hollow iron (tasting with an 
opening in the front for the i-e- 
covery of the frattliuntd t/ctsi 
pieces. 

Tho ram of tho ])reHH is (itUMl 
in tho eyliudcw wiili sueh \m\- 
eision that no collar or enp 
leather is r(M|uire(l to (Misurct a 
sullicmnily oil - tight working, 
^rho small amount of play wlueh 
the ram has in i.lut eylimNu* 
allows a slight i)ereolation of oil 
to take pla.ee IxttwcMHi tlnnn ; 
this mak('H ilu'i movenumt of tint 
ram in tho cylinder v(M’y (Misy, 
(diminating fihflion and allowing 
an (^xact meaHurenunit of the 
total load to Ixt rtiadc'. i‘am 
can Int rotated by a, liandh^ so 
that by occasionally moving 
it tlirough a small angl(‘ tlu^ 
formation of ridgc's, is 

avoi(l(Hl 

(iii.) Oil Pump. pn'ss 

is opfwatcd by oil pr('HHur<^ [)ro- 
dneod by a Ingh-pn^ssure ptirnp 
(0, Pig. 22) driven by an ekH-.trie mo<.or from a 
countershaft (for small machim's a hand driv(^ 
can bo cmi)loyed). The arrangement of 
suction and delivery of tlio oil is siuOi that; 
if allthc valves arc kept (dosed the oil is auto- 
matically short-eirc.uited back to the nwervoir, 
which is carried on th(^ pump stand. Tluu*o 
are also returns for th(^ oil to the rescirvoir 
from tho toj) of tho e.ylinder dm^ to l(^akag(^, 
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and for the released oil from under the 
ram. 

Water ])ressure may be used to work the 
machine by maldng ar- 
rangements for transform- 
ing into oil pressure for 
working the press. 

(iv.) The Dynamometer 





JTlG. 22. 

Apparatus. — The measurement of the load 
is made by means of a pendulum dyna- 
mometer D. The 
oil from the high- 
pressure pump is 
admitted to the 
straining cylinder 
through the dyna- 
mometer, so that 
the actual pressure 
in the cylinder is 
shown by the 
pointer which is 
operated by the 
dynamometer. 

The pendulum 
dynamometer is a 
modiheation of the 
dead-weight gauge, 
which is used for 
calibrating press- 
ure gauges, the 
pendulum arrange- 
ment being used 
to axitomatically 
balance the load 
on the plunger, as 
shoT^Ti in Fig. 23. 

The oil pressure is 
applied to a plunger P, which is kept slowly re- 
volving during the test by the pulley Fy, from 
which it is transmitted to a yoke Y connecting 
two vertical rods Gg. The tops of these rods 


are attached through a ball-bearing coupling to 
a short block lever H, which is rigidly secimed 
to a shaft J moimted in ball-bearings hi the 
manometer frame. The depression of the 
block H by the pressure causes the heavy 
pendulum B to be deflected until it assumes a 
position of equihbrium. The point of sus- 
pension 0 of the pendulum can be altered so as 
to increase the sensitiveness of the machine, 
the connection to the recording gauge being 
adjusted at the same time. 

The arm and rod A attached to the pen- 
dulum operates a pointer on a dial and the 
dynamometer is also provided with an auto- 
graphic recording apparatus R. 

As a rule each testing machine is accom- 
panied by a pump and separate dynamometer, 
but it is possible for several machines to use 
a single pump, if worked in conjunction with 
an air accumulator, and a separate dynamo- 
meter for each machine. 

For machines of large power, i.e. 300 tons and 
upwards, Ainsler’s measure the load by the 
extension of the columns which carry the top 
shackle. As these columns extendunderthe load, 
they are made to operate a piston in a cylinder. 
The shapes of the piston and cylinder are so de- 
signed that a small relative motion between the 
two causes a large displacement of the oil 
which fills the clearance separating them. The 
displacement of this oil is made to work an 
indicator which is calibrated in terms of the load. 



(rt) 


Fig. 23. 



§ (10) Torsion Testing JVIachines. — ^Many 
universal testing machines of the lever type 
are fitted with a special shackle for ap])lying 
torsional stress, as illustrated diagrammatically 
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in. Fig. 24, in which the torque is applied by 
a worm and worm wheel A and measured by 



running the jockey weight B along the lever 
arm C. It is usually, however, more con- 
venient to use a separate machine, and Fig. 25 



Tig. 25. 

shows a machine of 250 pounds-foot capacity, 
made by ]\Iessrs. J. Buckton & Co., em- 
bodying the method of test mentioned above. 
A neat little 


to be applied to the test ])iece, and tlio 
angle of the deflection of the petululuin is 
a measure of that torque. Tlio history of 
the test is recorded autograpliic^nily on a 
chart attached to a drum wliicL is secured 
to the jaw which is moved by the g('ar udund. 
The deflection of the ‘|)enduluin moves a, pencil, 
which is secured to it, over a guide curve 
fixed to the frame of the machine in siu;h a 
way that the movement ])eri)en(li(!ular to the 
piano of rotation (that is, the height of the 
curve) is a measure of the torque, while the 
length of the curve is pro])orti()nal to the angle 
of twist of the test piece. 

The two machines dcscribcid abov(^ ai’o 
tyjhcal of all of the methods employed for 
torsional testing machines. 

§ (11) Trankvkiikm Tkstino Mach in MS.-™- 
Although a transverse testing shackl(‘ always 
forms j)art of a universal testing srdi, most 
testing machine manufactur’in’s supply H|)(‘.eiai 
machines particularly suitabh^ for testing cast 
iron by cross- breaking. These rnaehim^s enable 
cast-iron foundry bars to be tesfr'd rapidly, 
and give reliable information as to tin' 
mechanical properties of difTei'rnit mixtures. 

Such a machine, supplied by Messrs. W. II. 
Bailey & do,, Jjtd., is shown in Fig. 27. It 
is suitable for tost bars up to 2 in. (h'op, I in. 
thick, and 3() in. between (uaiti’os, and luis 
a maximum capacity of. 45(H) lbs. An npwai-d 
force is applied to the centre of the Ixvun by 
means of a s*crew, turned by a hand-wlKHL lift- 
ing a central shackle. Tln^ reaction is talcm on 
the beam by two 
end supports and 
also on tbo lever 
near to the ful- 
crum. The load 
is balanced and 
measured by run- 
ning the counter- 
poise along tlu' 



machine, de- 
signed by Pro- 
fessor Thurston 
and made by 
Messrs. W. H. 

Bailey efe Co., is 
illustrated in 
Fig. 26. The test 
piece is placed 
between two in- 
dependent jaws, 
one of which is 
rotated by hand 
through a worm 
and w^orm wheel. 

The twist is communicated through the test 
piece to the other jaw on which a weighted 
pendulum is attached. The resistance to I 
deflection of the pendulum causes a torque I 



lover while the dollcction is obtaiiuxl from tlu^ 
movement, of the screw which applies the load. 

§ (12) Gum Fon holding Thst Barm.- Ah 
much care should bo bestowed on the design of 
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the grips for holding the test bars as on any of 
the other essential parts of the testing machine, 
if accurate results are required. It is import- 
ant that these should be so designed that the 
resultant of all the forces acts along the axis 
of the bar, for, if this is not done, the amount 
of the ultimate load is affected. 

The usual method of ensuring that this 
condition is fulfilled is by arranging for some 
form of spherical or swivelling seating between 



Fig. 27. 


the test i^iece and' the connection to the 
testing machine. The principal objection to 
most of these seatings is that they have no 
protection from dust, scale, or other small 
pieces which are apt to be scattered by the 
test piece on fracture. 

In the 100-ton Buckton machine (see § (6)) 
largo hemis])herical pieces, and H 2 , are 

arranged m the top and bottom holders, and 
to these pieces the special attachments are 
fitted for test pieces of various kinds. 

(i.) Tension Shackles — Pin Grips. — Fig. 28 
shows the oldest method of holding the ends 
of plate spociinons. A hole is drilled at each 
end of the test jiiece for a steel pin A, and the 
middle part of the plate is reduced in section. 
The relation of the size of the pinholes and 

the size of the 

heads of the test 
piece to the re- 
duced section is 
such that the 
specimen always 
breaks in the re- 
duced section. 
This form of holder 
is one of the best 
for small speci- 

mens, 

care is taken to 

ensure that the 
pinholes are accurately on the axis of the 
reduced i)art of the test piece, otherwise the 
stress across the section is not uniform and 
the specimen tears from the edge where the 
stress is greatest. 

(ii.) Wedge Grips . — The ordinary method 
adopted for holding specimens of ductile 
materials is between two wedges with roughed 
surfaces, as illustrated in Fig. 29, but it does not 
necessarily ensure that the line of pull is axial. 
In order to obtain the best results with this 



Fig. 28. 


method the following points must be borne 
in mind : 

(1) The position of the wedges in the head 
and of the test piece in the wedges. 

Fig. 29 (A) shows a sectional view of the 
testing machine head with the wedge grips 
and test piece in position. The wedge grips are 
bearing their full length against the head and 



the specimen is bearing for the full length of the 
wedge grips, and this is the correct condition. 

Fig. 29 (B) shows the position of the w'edge 
grips when the specimen is too thin, and while 
the test piece bears the whole length of the 
wedge grips, the wedge grips are not bearing 
their full length against the head. In this 
case liners are used to keep the wedges back in 
their proper place, as in Fig. 29 (C), although 
to obviate this difficulty most testing machines 
are supplied with pairs of wedge grips suit- 



wedges to grip 

the test piece more on one edge than the 
other. 

This arises if the specimen is thicker on 
one side or through want of proper adjustment, 
when the holders for the wedges are split and 
separate from the head, as in the Buckton 
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lOO-ton inacliiiie {Fig. 30), To avoid this 
difficulty Messrs. Riehle Bros, supply wedges 
with a round face. In. Fig. 31 (A), G are the 
round-faced wedge grips contained in the 
shackle S. Another method for securing 
proper alignment is a form of ball -socket liner 
shown in Fig. 31 (B). 



^Test 

Piece 



A 

The Riehle round faced 
wedge grips for flat or 
plate specimens 




B 

Ball socket 
liners 


FIG. 31. 


Serrated 
Vee Grooves 



c 

Wedge grips for 
square or round 
specimens 


Tor round or square ductile pieces the wedge 
grips are provided with serrated V-grooves, 
as shown in Fig. 31 (C). 

The ends of the specimen are usually en- 
larged, as shovm in the sketch, hut with mild 
steel or iron this enlargement may he disjicnsed 
with. 

{m.) Self - alignhig Grips. — When testing 
brittle materials or for accurate experiments 
the alignment of the specimen is especially of 
importance. It is usual in these cases to uso' 
circular test pieces with the ends to fit special 



spherical seated holders. Fig. 32 shows vari- 
ous methods of machining the test piece and 
attaching to the shackles. 

(iv.) Avery 10 -ton ShacJdes. — The arrange- 
ment of Avery’s 10-ton shackles is showm in 
Fig. 33. The holder M is attached to a link 
hanging from the beam of the testing machine 
by a second link. This holder consists of a 
forging machined to take a spherical seating A 
on which the pull of the test piece is taken 
through a tool steel stem B and nut C. 
The stem is screwed at N to take si)eci- 


mcn holders of various sizes. Two foi’tus of 
specimen holder are employed, viz. (1) for 
headed test pieces D and (2) for screwed tost 
pieces B. 

The shackle is also arranged for use with 
wedges. For this purpose the nut, stem, 
seating, and bolt 
L are removed 
and wedges arc 
inserted, which 
bear along tho 
surfaces FG and 
HJ. A handle 
works in the bear- 
ing K, and is 
arranged with 
lugs which move 
both w'odgos up 
or down at tho 
same time. This 
facilitates grip- 
ping of tho speci- 
mens and enables 
tests to be carrit^d 
out rapidly. 



SpcOTiicM\ HoMcr I'or 
Tetiil'IcecS 


Fin. 33. 


The top holdcM*, for connoetioii to llu'i lover, 
is shown in the figure. The boitoni hohhu*, 
attached to tho ram-straining rod, works on 
exactly the same priiieij)lo ; a slicks is, however, 
provided for it so as to keep it parallid to thc^ 
vertical testing inachiuo guides. Bolh holdiu’s 
are given in the drawing of the testing nuudiinc 
in Fig. G. 

(v.) N.P.L. Self-aligning lO-ton 
Tho shackles given in Fig. 3‘t were designed by 
tho author for tensile testing, tnorc f)arti(uilarly 
for use in ox])Oi'iments for the determination 
of tho clastic limit and elasiiie modulus. Th(\y 
consist of a bolt A 


with a s])h(U'ieai 
nut B on one end 
and a holder for 
screwed or hoadiul 
tost pieces on tlus 
other. The nut 
boars on a si)heric‘.al 
seating Q, whiidi 
fits into tho shack lo 
of tho testing 
machine. Tho 
sj)herical seating is 
kept free from dirt 
by being closed in at 
tho top by a ])Iato 


^,Spherlon{ 



l—rofit Pimm 
Holder 


Fta. 3.1. 


E and at the bottom by a ])ioeo of wasb-h^ailKw 
F, which fits romad the bolt. ^rho wash- 
leather, although forming a dust-proof eovcw, 
allow's free movement of tho nut and bolt 
on tho spherical seating. The space in t.lu^ 
bush is filled with vaseline. ^rh(‘S(^ sha(d<l(^H 
have been in constant and have benm 
found to give every satisfaettion. 

(vi.) Grips for Testing Hope. — I’he gripping 
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of ropes or cables requires considerable care in 
order to obtain reliable results ; it is important 
that the grips should not damage tlie ends of 



Fig. 35. 


the rope, otherwise fracture will occur in the 
sockets. 

The tests are more conveniently carried out 
in horizontal machines, where there is plenty 
of available length, than in vertical machines. 
Serrated wedges {Fig. 35) are used for 
gripping both wire and hemp ropes, and, to 
prevent them from being damaged, wooden 
straps of a suitable thickness and length 
are Y)laced be- 
tween the grips 
and the rope. In 
order to seize the 
rope over a con- 
siderable length 
these special 
wedge grips are 
made very long. 

Where only 
vertical machines 
are available a 
satisfactory way 
of holding wire 
rope for tensile tests is to use conical dies in 
the shackles and seal the ends of the wire in 
them, as shown in Fig. 36, with a low melting- 
point alloy. The wire is first tightly bound 
with fine wire at about 5 in. from each end, 
the end strands are then opened, bent over, 
and tinned. The rope is next set centrally in 


Connected to Spherical Seating 
of Testing Machine 



Fig. 36. 


the dies, with a little fire-clay, and a hard 
alloy of lead and antimony run in forming a 
solid end. 

For hemp rope and small cables a method 
which is largely used is to splice an eye on to 
each end and test 
by placing a steel 
pin through the 
eye. A more re- 
liable method is to 
roll the ends round 
specially prepared 
helically grooved 
drums and clamp 
them. Such tools 
are supplied by 
Messrs. Tinius 
Olsen Testing 
Machine Go. in the 
United States of 
America, or Alfred J. Amsler & Co. (Switzer- 
land) ; they are costly to build, but give 
accurate results in testing such materials. 

(vii.) 6'ri’p6‘ for testing Chain in Tension . — For 
testing separate chain links or complete chains 
a piece of steel bent into U form is passed 
through each of the end links. The open ends 
of the U -pieces are then gripped in the flat 
wedges used for testing flat bars (see Fig. 37). 

Where it is necessary to carry out a con- 
siderable amount of chain testing, blocks to 


Testing Machine 




Fig. 38. 

suit the various sizes of chain are provided, 
which fit into the heads of the testing machine 
GH {Fig. 33). By means of these blocks 
sections of a chain can be tested under a 
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proof load ; this is not possible with the 
U-hook method. 

(viii.) Compression Shaclcl.es. — Spherical 
shackles for compression tests are necessary for 



Testing /HlachiriB 
Lower Head 

Fig. 39. 


accurate work. These either rest on the lower 
shackle or hang from the upper shackle of the 
testing machine. Care must be employed in 
using any of these arrangements to ensure that 
the axis of the test piece is in line with that 
of the bearing blocks and testing machine. 

IPig. 39 shows a 
ball - bearing block 
arranged to fit the 
upper crosshead of 
an universal testing 
machine; this tool 
allows for free motion 
in all directions. 

(ix.) Tr an averse 
Test Tools. — Figs. 40a 
and 40 b show two 
types of shackles for 
transverse testing. 

Fig. 40a indicates the 
roller bolster sup- 
ports and Fig. 40b the arrangement adopted 
with the Buckton vertical testing machine. 
In the latter method it v\dll be noted that 
the pressure is applied in halves, at and 

, Upper Head of [ 


Fig. 40A. 

giving a small central span I) of uni- 
form beading moment. The object of this 
method is to reduce local crushing of the 
test piece T. In both arrangements the 


standards A, A can bo adjusted to gradua- 
tions on the beam B to give dilTorout lengths 
of span h. 

As timber is not homogeneous, four-point 
loading is usually adopted {Fig. 41 ). Idiis givevs 
a large span over which the bending nionumt 
is uniform and in which thci beam lh(’iOi'eti('ally 



bends in the arc of a circle. Fig. is a 
photograph of these shackles fitted to a lO-tori 
Buckton testing maehino. 

The following points in regard to apparatus 
for transverse tests should be observtHl : 


lao. 4L. 

Rocking supports should bo used at the emds 
of spocimens. 

Metal plates should bo providc^d, if n(»(H^sHai*y, 
to prevent a high intensity of pr(^HHur<' muhn* 
the point of loading or at the Hn[)poriH. 

Deflectometers or doforrnotors sbouhl not 
be attached close to the points of a()plioat ioii 
of the loads. 

If deflections are to bo observcHl, it is ml- 
visablo that the rate of loading should b<^ sudi 
that the readings can bo taken while tlu^ lon.rl 
is being continuously applied. K a Htoppag(^ 
is unavoidable, the time intervals should bo 
constant for the test. 

(x.) Shear SharJdQ.^.—ThQro are two nudihods 
of applying a shear stress to materials, ouo 
by a torsion test and the otlun- by tlirtH^t 
shearing or punching. The toi-silin for- 
mula only holds for porfocdly clasti({ bodices, 
and if it is used for the ' breaking sti'ess 
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a figure greater than the real shearing stress 
is obtained. 

Various methods for direct shear are in use, 
but with these the shear is always accompanied 



IhG. 42 . 

by a certain amount of bending and com- 
pression. 

(xi.) Tests of Bar and Plate. — Fig. 43 
indicates a shear 
test tool for round 
specimens. The 




quiring slight modification to that sho'pvn in 
Fig. 43. 

(xii.) Test of very Thin Plate . — An an’ange- 
ment for shear tests on very thin plates or 
slices from a bar, used at the N.P.L., is 
sho-wm in Fig. 44. The test piece T is 
placed in a die D having a hardened 
steel facing P. A hardened steel 
plunger P, with a long bearing in the 
die, is placed on the test piece. The 
hole in the facing (dj) is slightly taper 
(the figure is exaggerated), and the 
end of the plunger {df) is made a 
good fit in the hole. 

The gear is placed between the 
compression shackles of the testing 
machine and the load measured, which 
enables the plunger to push a hole 
through the test piece. 

If i = the thickness of the test piece 
and W=the load; then the shear 
stress = 'VJ/ndit 

(xiii.) Test of Timber in Shear (see 
section on timber tests, §(127)). 

(xiv.) Torsion Sharpies . — The easiest 
way of holding a torsion test piece in 
the testing machine is to have en- 
larged ends, either square or round, with two 
keyways cut in them (Fig. 45). 

§ (13) Calibration of Testing Machines. 
— The only satisfactory method of calibrating 
the readings of a testing machine is by using 
dead loads through the full range, such as is 
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Alternative 
size of Ends 


specimen A is clamped to a block B and, 
with the testing machine adjusted for compres- 
sion testing, the load is applied to the shearing 
tool C. The test can 
be arranged so that 
the specimeiiis broken 
in cither single or 
dou])le shear. The 
dies T), as well as 
the shearing tool, are 
made of tempered 
tool steel ground to 
an edge. Provision 
is made for wear of 
tho tools, and they 
ai’O inserted in such a 
maimer that they ean bo easily removed when 
necessary for grinding. 

A similar method can be used for flat plate, 
tho form of the shearing tools and dies re- 


adopted in the Emery machines, and this 
method from the point of view of accuracy 
is above criticism. 

Several devices are used to attain the same 
ends. If dead loads are not directly employed 
verification depends on a previous cahbration 
of the device used, so that it ultimately depends 
on a dead-load method. 

Next to loading by dead weights the em- 
ployment of calibrating or proving levers is 
the most acceptaifio method. This arrange- 
ment is shown in Fig. 46. The levers and 
La, carefully constructed, rest on knife edges 
in a double chair C\, which itself rests on the 
weighing table of the machine. A single 
chair Ca is placed on the other knife edges 
and forms the fulcrum of the levers ; the upper 
shackle of the machine is brought down 
on to this chair. A leverage of ten is generally 
adopted for calibrating machines up to ten 
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tons capacity, and a leverage of twenty up to 
fifty tons capacity, which is the maximum to 
which this method of verification is usually 
carried. 

Other methods of checking are as follows : 

(i.) By a stctyidard test bar made of steel 
wdiose modulus of elasticity is known hy 
previous experiment. A test piece is turned 
to fit the testing machine, and of such a size 
that when the maximum load is applied to it 
the limit of proportionality of load to extension 
will not be exceeded. An extensometer is 
fitted to the test piece, and readings of it taken 
at various loads shown hy the testing machine 
indicator. These readings are then compared 
with those calculated from the modulus of 
elasticity, and a verification of the testing 
machine scale obtained. This method is diffi- 


cult to carry out except by persons sldlled in 
such work. 

(ii.) With Crushers, — These are cylinders of 
copper whose diminution in length with load 
is known. A series of crushers are loaded in | 
the compression apparatus of the machine 
with various values of the load, which arc 
noted from the machine indicator. The actual 
forces exerted are deduced from the diminu- 
tion of length of the crushers, and these are 
compared with the indications of the machine. 

Cui.) By a Series of Tensile Test Pieces . — 
These are made in duplicate and of varying 
diameters, so that the largest test pieces will 
take nearly the full capacity of the machine. 

They are all turned out of the same bar of 
homogeneous material, and one series is broken 
in the testing machine to be calibrated, and 
the duplicate series tested under the same 
conditions in a machine whose accuracy is 
knowm. 

Both methods (ii.) and (iii.) are simple, but 
are not available for a greater accuracy than 
about + 2 per cent. 

(iv.) Ah iaiprovement of the copper crusher 
method has been . suggested by Schulo and | 


Brunner,’' who used wo(jd in the form of slabs 
of small' thickness (2 to 4 cm.) as cruslicrs. 
Wood has the unique pro])efty of olTer-ing the 
same resistance to crushing whotluu' tc'sted as 
cubes or thin slabs. This inetliod diHi)ensos 
with all measurements of deformation w'liitb 
necessitate the use of instruments of ])reeiHi()n, 
and by selecting wood well dried and withoxit 
flaws, an accuracy of 1 per cent can bo obtained, 
Messrs. Schulo and Brunner found that the 
wood of Coniferae is the most suitable owing 
to its regular structure, hive or six pieces of 
wood of each cross-sectional area are tesitod 
in a standard machine as wcill as in i-ho 
machine which is under calibration. 

(v.) With a Standardising Bo.v.W — This is 
an instrument sup})licd by Messrs. Alfred f). 
Amsler & Co. for quick and acKairato clundc- 
iiig of testing machines. 
It is (\sseriiiiilly a hollow 
test bar whoH(^ Hirains 
under loading arc 
nu'-asurod by its ditninu- 
tion or ine.rea'Ho in 
volume. .It is filled with 
mei’(uiry, and has a hori- 
zontal capillary tube, 
also i)artly lilknl with 
monMiry, attachc'd to it 
on one side, and a 
micrometer, working a 
])limger in and out of 
the bo.\', on the other 
side. When ih(‘ instru- 
ment is Htu'HHod axially 
the position of tln^ nuu’- 
cury in the capillary 
tube is altered owing to the (bange in volum(\ 
The po.siti()n of the merxmry is tlum n'stoixal 
to the zero jaKsition hy the jnicromol(M‘. 'il'lie 
reading of the micrometer is calibrated under 
known loads, and tliis calibration u.M(*<i ir\ 
conjunction witii the HtandardiHing box t,o 
cheek the testing imubinc'. 

The methods deHcrilxal above are applicaible 
to most testing maelunes, but with singh^ hn'or 
vertical machines a simple tost can b(‘ ca,rri(al 
out quickly and accurately in the following 
way : 

As the load is weighed by a jock(\y wtughii, 
and as there is only om^ lever, it is only ruHu^HHary 
to verify the weight of the jo(bey and tJi<^ short 
arm-length of the Iovct to ensurci that the 
machine is reading correctly. 

(vi.) Weight of the Movable Counterpoise,-- 
This can bo found by lifting it from the levcu’ 
with a suitable weighing machine suHf)ende(l 
from a crane or, wliero this is inconvemient, 
by means of the lever itself, in the following 
way. Ifinst balance the beam and adjust the 

I “ A New M(‘tho(l of comparing tlx'. Indications 
of Testing Machine.^,'’ Proc, Jut. Assoc, of 'Test. Mat., 

I New York, 1912. 
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vernier to zero, then hang up a known weight 
from the beam at a measured distance from 
the fulcrum. This raises the beam, and the 
counterpoise is run along until balance is 
again restored. 

If W = weight of counterpoise, 
w-^ = hanging weight, 

= distance of hanging weight from 
fulcrum, 

L = distance counterpoise is moved to 
restore balance, 
then "W — w^x IJIj. 

(vii.) Distance between the Knife Edges. — ^After 
the beam has been balanced and the vernier 
adjusted to zero, a heavy weight is hung 
in the shackle of the machine and the counter- 
poise moved forward until balance is restored. 
If W = weight of comiterpoise, 

L = distance counterpoise is moved to 
restore balance, 
weight hung in shackle, 

Z 3 = knife-edge distance, 
then knife-edge distance = Zo = L x Wjwo. 

(viii.) Sensitivity. — The sensitivity of the 
machine can be determined by finding the 
greatest weight which can be hung from the 
shackles without causing the beam to move 
after it has been balanced. 

J. H. Wicksteed ^ found that with a 100- 
ton machine in equipoise, but unloaded, so 
that the dead weight of lever and poise is 
equivalent to 6 tons on the knife edge, a puU 
on the shackles applied through a silk thread 
breaking with a load of 3 or 4 lbs. is sufficient 
to raise the lever arm through its whole arc. 

(ix.) Zero Error. — Care should be taken to see 
that the zero of the machine is in adjustment 
before commencing a test. 

II. Elongation and Contraction of Area 
§ (14) Ductility. — For workshop use a bend 
test gives much information as to the ductility 
of a material, and requires very Httle special 
apparatus to carry it out. The usual measures 
of ductility, however, are the ultimate per- 
centage elongation or contraction of area at 
fracture in a tensile test. 

§ (15) Distribution op Elongation in the 
Test Bar. — If a test piece of ductile material 
is marked out in one-inch lengths and then 
tested in tension, it is found that it breaks 
with a neck or waist, and that the increase in 
length of the section including the neck is con- 
siderably more than at any other point along 
the bar. Observations for some bars are given 
in Table 1, and results from them are plotted in 
Fig. 47, where the stretched lengths are plotted 
as ordinates and the original distances along 
the bar as abscissae. The resulting curve is 
seen to consist of two parallel branches con- 
nected by a S curve, and it will be evident 
^ Proc, Inst. Mech. Eng., 1888, p. 454. 


from the curve that the vertical distance 
between the tw^o parallel branches is the local 
extension due to the necking of the test piece. 

In Fig. 48 the same results are plotted in 
another way. The increases in length in each 



Distance of Gauge /Harks along Test Bar 
(before test) in Inches 

Fig. 47 

inch are plotted as ordinates at the centre of 
each inch length and connected by a curve. 
It is seen that the rate of elongation at the 
fracture is very large, and that the curve is 
nearly symmetrical. 

From the figures in Table 1 the percentage 
elongations on various gauge lengths can be. 



Fig. 48. 

calculated. Taking the fracture as near to 
the centre as possible, these results are given 
in Table 2 and are calculated as follows : 

If the original gauge length =Li, 
the final gauge length = L 2 , 
the elongation =L 2 - 

and the per cent elongation = 100 (L 2 - Ljl)/Li. 
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It "will be evident from the table that the 
percentage elongation is dependent upon the 
gauge length, decreasing as the gauge length 
increases, and that for strictly comparative 
results the same gauge length should be 
adopted for bars of the same diameter. Also, 
for strict comparabiUty, the position of the 
fracture should be the same in each bar. If 
the bar breaks near to the end of the gauge 
length the percentage elongation is low. The 
formula for calculating the error involved has 
been expressed by Unwin ^ as follows : 

“ Let be the percentage of elongation in a 
gauge length L + 2X, and eg "tke elongation in 
a gauge length L - 2X, the fracture being at 
the centre in both cases. Then the elongation 
in a gauge length L when the fracture is at 
X from the centre is e = -J(ejL + 62)-” 

The results in Table 3, taken from Unwin’s 
paper, show the magnitude of the error. 
Unless the gauge mark is in the part affected 
by the local contraction, the effect on the 
percentage elongation is small. 

§ (16) Baeba.’s Law (Elongation of 
Geometeically Similar Test Bars). — The 
law connecting the elongation of geometrically 
similar test pieces was first given by J. Barba ^ 
in 1880, who observed that similar test bars 
deform similarly. It follows that, for cylindri- 
cal specimens, if the ratio of gauge length to 
diameter is constaat, the percentage elongation 
is also constant. This is shown clearly by the 
results on a mild steel and medium carbon steel 
given in Table 4. 

Unwin says - that “ in plate test bars, not 
strictly geometrically similar, the percentage of 
elongation is practically constant, if the ratio 
of gauge length to square root of cross-section 
is constant. The form of cross-section within 
somewhat wide limits, if the area is constant, 
does not appear to infiuence the elongation.’’ 

§ (17) The Elongation Equation. (i.) 
Variation with Gauge Length. — The elongation 
of a test bar is made up of two parts : 

{a) The general extension, occurring before 
the maximum load is reached, which is approxi- 
mately uniformly distributed along the bar 
and therefore proportional to the gauge length. 

{b) A local extension independent of the 
gauge length occurring after the maximum 
load has been reached. 

If L=the gauge length, 
e=the total extension, 

then e—a + liL, where a and h are constants, 
the former for the local extension and the 
latter for the general extension. 

The percentage extension 

= 100 X ^ + 6L) = KM) (1^ + *) . (1) 

^ “Tensile Tests of Mild Steel,” Iiint. Civ. JUna. 
Proc., 1904, civ. 175. 

= liiirlia’s law, see Unwii), “ ^Ituisile Tests of Mild 
Steel,” Inst. Civ. Jlng. Proc., 1904, elv. 17‘). 


I i.e. the percentage extension for a given 
sectional area decreases as L is increased. 

(ii.) Variation ivith CrosS'Sertiou. — Only the 
local extension is affected by the cross-s('etional 
dimensions of the test piece, i.e. the term a 
in equation (1). 

Since the local contraction is pro])ortional 
to the linear dimensions of Ibo cross-section, 
and the extension is not allected by the form 
of the cross-section, 

a—cJA, ... ( 2 ) 

where A = the cross-sectional area, 
c=a constant ; 
i.e. for dissimilar test bars 

% elongation = Iffdp == ^ ‘ p • (‘^) 

This formula is true provided 

(a) The gauge points are not too close to the 
enlarged ends of the test pi(H',e. 

(b) The length L is not so short as to fall 

within the area aiToctod by the local 
contraction. 

Equation (3) is in agreoment with, Barba’s law 
for similar test ])icccs that, when similarity is 
maintained, the pereemtage eI()nga.rion is 
constant because, in that case, \^A/L, and, 
therefore, e becomes eonsfcanfc. 

Unwin ‘‘ givc^s the following method of least 
squares for calculating the vaha'S of 6 and c, 
in the elongation equation, from a stu’i(^M of 
observations : 

This equation is 



For simplicity, lot s^A/br-^rr, and suppr)H('i 
elongations have hcon o1)S(U’V(hI for n, ganger 
lengths. Then the most |)rol)a))lo vahu's of 
the constants are given by the (M(uatiouH 

Applying these results to bar S-l (TabU^ 2), 
whoso diameter I •()()() in. and an^a ()*7Sr)-l 
sq. in., and percentage elongation on 
3''~41'0 W(^ havt^ 

4" = 36-5 7" ^ 3()vl I JA 0-SH03 
5'' r-. 34-0 8 ''v-“28-hJ and -a (5. 


L, 

Va 

e. 

C(t. 

oK 

3 

•20r>4 

41-0 

j2-no 

•0872.1 

4 

•2230 

30-r) 

8*088 

■(IIOIO 

5 

•1773 

34'0 

0*027 

*03|.13 

0 

•1177 

31-8 

4*090 

•02181 

7 

•1200 

30- 1 

3*810 

•01003 

8 

•1108 

28-8 

3*191 

•01227 

V ^ 

1 *07<)4 

202-2 

37*022 

•21708 


“ " 'rensilo Tesis of Mild /nst. Ch\ Pmu. 

Pror,, 1901, dv. 233. 
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Table 1 

Extensions on 1-inch Lengths at Different Distances from the Fracture 


JS’o. of Test 
Piece. 

Diameter 
of Test 
Piece. 
Inches. 

Yield 
Stress. 
Tons/Sq. In. 

Ultimate 
Stress. 
Tons/Sq. In. 

Extension in Inches in each Inch 
along the Bar. 

Total 
Extension 
in Inches. 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

94 

1-000 

22-9 

47-1 

-08 

-10 

•20 

•23 

•12 

•10 

•12 

•13 

1-08 

71 

0-999 

14-6 

22-9 

-15 

•15 

•22 

•48 

•28 

•20 

•18 

•18 

1-84 

84 

1-000 

16-3 

29-9 

-20 

•24 

•37 

•59 

•27 

•23 

■21 

•19 

2-SO 

92 

1-000 

15-2 

24-7 

-24 

•29 

•36 

•78 

•31 

•26 

•23 

•20 

2-67 


(The fracture was included between 3-4 in each case.) 


Table 2 

Percentage Extension on Different Gauge Lengths (including Fracture) on 1-inch 
Diameter Bars. See Table 1 


Ko. of Test 

Piece. 

Gauge Length in Inches. 

3. 

4. 

5. 

6. 

7. 

8. 

94 

18-3 

16-2 

15 0 

14-3 

13-9 

13-5 

71 

32*7 

29-0 

26-6 

25-2 

23-7 

23-0 

84 

41-0 

3G-5 

340 

31 8 

30 1 

28-8 

92 

48-3 

43-0 

40*0 

37-2 

35-3 

33-4 


Table 3 

Elongation Percentage in 8 Inches, when the Fracture is not at tee Centre of the 
. Gauge Length 


1^0. of Bar. 

Distance of Fracture from Centre of Bar in Inches. 

0. 

1. 

2, 

3. 

4, 


Fracture at 




Fracture at 


Centre. 




Gauge Point. 

2361 

29-2 

29-1 

28-9 

28-1 

23-5 

2362 

29-5 

29 5 

29-5 

29-1 

23-9 

2368 

29-8 

29-7 

29-8 

29-2 

24-4 

2364 

25-3 

25-3 

25-3 

24-4 

20-2 

2365 

29-0 

29-0 

29-0 

28-5 

241 

2390 

26-7 

2C-6 

26-6 

26-6 

23-2 

2391 

30-5 

30-5 

29-7 

28-3 

23-5 


Table 4 

Tests on Similae Test Pieces 


No. of Test 
Piece. 

Diameter of 
Test Piece. 

D Inches. 

Gauge 

Length. 

L inches. 

Ratio. 

L/D. 

Yield Stress. 
Tons/Sq. In. 

Ultimate 
Stress. 
Tons/Sq. In. 

Extension. 
Per cent. 

Reduction of 
Area at 
Fracture. 

Per cent. 

BIOD 

•550 

4-6 

8-36 

28-41 

51-69 

17-4 

38-4 

BlOE 

•420 

3-5 

8-33 

28-88 

51-27 

17-2 

37-5 

BlOF 

•330 

2-72 

8-24 

29-01 

51-70 

lG-8 

40-8 

A9D 

•550 

4-6 

8-36 

21-26 

26-52 

33-2 

70-4 

A9E 

•420 

3-5 

8-33 

20-51 

26-27 

32-8 

68-7 

AOF 

•330 

2*72 

8-24 

21-06 

26-90 

32-2 

67-8 
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(2a)2 = 1*165, 

(6 X 37*92)- (202*2 x 1*0794) 

(6^^21^1*165 ^ ’ 


, (202*2 X *21 79) - (37*92 x 1*079) 

(6 X *2179) -1*165 "" ’ 

and therefore the elongation ec[uation for this 
bar of material is 




§ (18) Contraction of Area at Fracttjre. 
— If a is the initial area of the test bar and 
A the area at the point of fracture, then the 
reduction of area is eq[tial to (a — A) and the 
percentage reduction of area = 100 x (a - A) /a. 

If the material is perfectly plastic the per- 
centage contraction of area is equal to the 
percentage elongation where the latter is 
calculated on the final length of the test bar, 
i.e. 100 X (a - A)/u = 100 x (L 2 - (^1 

Lj are the initial and final lengths respectively.) 
The proof of this is as follows : 

The volume of the test piece is assumed to 
be constant- therefore 

Lixa=L2X A 

A_Li 

Il'-W 

subtracting each from unity, we have 
a J-ig 


CL — A. Lo — Li 

or = _ . 

a i-<2 

The agreement between elongation and con- 
traction of area is only for the short part of 
the specimen where there is plastic deforma- 
tion, and it does not apply to greater lengths. 

Professor Elliot ^ has given a method of cal- 
culating the constants b and c of the elongation 
equation {e=c\l Ajh-rb) when the elongation 
is only known on one gauge length together 
with the contraction of area of the test bar. 
The method depends upon the assumption 
of a value for the original length of the 
contracted region. Taking this as 
Elliot found that m varied from 0*9 to 2*0, 
and adopting the value of 1-37 he obtained 
very fair agreement with results previously 
published by Unwin. ^ 


III. PROCEDrrRE IE* ORPINARY COMMERCIAL 
Testing 

Commercial testing is undertaken primarily 
to ascertain if the material is of the qualit}'' 
required by a specification. These inspec- 

^ “ The Eolation of the CiouHtaiits of the Elongation 
Equation to Contraction of Area,'’ Inst. Civ. IUng. 
Proc., 1004. clviii. 300. 

- Tensile Tests of Mild Steel,” Inst. Civ. Eng. 
Proe., 1004, civ. 175. 


tion or reception tests have to bo made 
quickly, and are principally dii-ecicd i() giving 
indications of the strength and ductility of 
the material. 

§ (19) Preparation and Selection oe Test 
Pieces.— The test pieces miist be sok'ctcd so 
as to give a reliable indication of the material 
as a whole. Sampling is inherently imperfect, 
and is therefore apt to cause dimcultios. 
Samples should always bo taken and st(amj) 0 (l 
in the presence of an inspector acting on 
behalf of the j)urchascr, and there should 
he safeguards to avoid lieat treatment or 
other manipulation after selection. 

The number of tests should bo sjieeinod, 
and, in order to cover errors whicli ai*(^ liludy 
to arise, limits should bo allowed on the test 
results, and provision made for re-tost if 
necessary. A usual clause is that, should tlu^ 
test piece fail to conform to tho specification, 
the contractor shall have the opportunity of 
two further samidos being s(d(xited by tho 
inspector and tested at the mamifa<it4irer\s 
expense. Both of those samples must pass in 
order for tho consignment to bo a(U'.oi)tcd. 

Test pieces, if to bo taken from a sam])lo, 
such as a tyro, axle, crank-shaft, cti'., should 
be cutout by cold sawing or drilling, and sub- 
sequently pre])ared by milling, turning, or 
planing. Should shoaring be unavoidable, caro 
must be taken to ensure that tho material is 
not bent, and that the Hhearcnl edges im\ 
entirely removed before testing. (Cutting by 
oxyacetylcne blowpipe should not aIIow('!d, 
as it alters tho structure of tho jnafiu’ial for 
from 2 to 3 in. from the cut. 

Iron or stool ])laio8 are usiially testtMl bot/h 
in tho direction of rolling and a<u'OHs it, and 
with cast iron special bars are made from (nwIi 
cast for transverse test, hor sonu^ nuderiais 
special bars form ])arb of tlu^ easting and arc’i 
afterwards out olT for testing, but it is usual 
to specify the position of those bai's ami 
whether they are to bo sand or chill c.jvHiiugs. 

For special tests some form of luNii ir<vit- 
mont, such as normalising, anmxiling, or t('m- 
pering, may bo rociuirod. 

Annealing means reheating followed by slow 
cooling. Its purposes may be eitlua* to nrniovr^ 
internal stressos and induce softiu^sH, or to 
refine tho crystalline strueture. In fJio lai<t(M' 
case tho temporaturo used must (lkcxxhI tlu^ 
upper critical range, hut not more than by 
50° C. 

Normalising moans boating a sterd (howrwru* 
previously treated) to a temporatiin^ ('XcuMxling 
its upper critical range (but not more than by 
50° C.) and allowing it to cord frerdy in air. It 
is deaii*ablo that tho steel should soak at (ilu^ 
required temperature for about 15 minut<u 

Hardening moans heating a sterd to its 
normalising temperature and cooling more (»r 
less rapidly in a suitable medium, Hindi as 
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water, air, or oil. Tempering is to reduce the 
hardness and increase the toughness, and is 
carried out by heating the steel (however 
previously hardened) to a temperature not 
exceeding its carbon change point. 

§ (20) Tension Tests. — The data ordinarily 
observed in a tensile test for reception pur- 
poses is 

Yield load. 

Maximum load. 

Elongation after fracture. 

Contraction of area at fracture. 

§ (21) Yield Point and Elastic LrmT.— 
Very often there seems to be confusion as to 
exactly what is meant by the elastic limit and 
the yield point. It is a common practice for 
the elastic limit to be specified when what is 
actually required is the yield point. The actual 
elastic limit can only be obtained by the use 
of delicate strain- measuring instruments (see 
§ (62)) ; the yield point is slightly higher than 
the elastic limit, and is the point at which 
there is an increase in the extension without a 
corresponding increase in the stress. This point 
occurs in W’ruught iron or 
mild or medium carbon 
steel, and is usually well 
marked. With hard steel, 
bronze, and most alloys it 
is non-existent, the rate of 
extension with load in- 
creasing after the elastic limit without any 
sudden jump. 

For commercial testing the yield stress is 
the load per unit area at which there is a 
sudden visible increase in the extension 
between the gauge marks on the test piece, 
or it may be taken as the stress at which the 
beam or indicator distinctly drops when the 
load is applied at a uniform rate. 

The author prefers to record that “-there 
was no yield point ” in cases where these 
C(jnditions are not observed, but, as some 
specifications require an arbitrary yield point, 
it/ is taken at the point at which the test 
piece extends approximately 1/200 of the 
gauge length. With a 2-inch gauge length 
this, for practical purposes, is the point 
where the dividers, when set at 2 inches, 
just fail to “ feel ” the gauge mark. 

Johnson ^ proposes that “ in view of the 
difficulty of determining the true elastic 
limit an apparent clastic limit he taken as the 
point on the stress strain diagram at which 
the rate of deformation is 50 jier cent greater 
than it is at the origin. Under this definition 
the apparent elastic limit would practically 
correspond to the yield point in materials 
having sucli a point and would give a reason- 
able value for such materials as cast iron, or 
hard steel, for which this diagram shows a 

^ MateriaLa of Coyistruciion, 1918 edition, p. 10» 


very gradual curvature away from the straight 
line. Such a criterion has much merit and 
would accomplish the following results : 

“(i.) It would always fix one and the same 
well-defined point. 

“ (ii.) This point would always correspond to 
so small a permanent deformation as to be, for 
many practical purposes, the true elastic limit. 

^‘(iii.) It is equally applicable to all kinds 
of tests, whether on specimens or on finished 
members or structures, where deformations 
of any kind can he correctly measured. 

“ While the 50 per cent increase in the rate 
of deformation is purely arbitrary, it is not 
large enough to fix a point having an appreci- 
able permanent set, but it is large enough to 
fix a well-defined point on the stress strain 
diagram.’* 

XJn'srin,^ however, says that “ such a point 
has no significance,” also “ that t?ie attempt 
sometimes made to define arbitrarily a yield 
point for materials which have no distinct 
yield point, and, often as manufactured, no 
elastic hmit either, appears to him to he 
useless and misleading.” 



Fig. 49. 


It is convenient, where a considerable 
amount of testing has to be done on the same 
size of test piece, to use a simplified exten- 
sion measurer applied to the test piece instead 
of dividers. G. H. Roberts ^ describes and 
illustrates an instrument of this kind in which 
the extension of the test piece is communicated 
to the pointer on a dial. One division on the 
dial in^cates a movement between the jaws 
of 0-001 inch. The yield point is seen 
quite definitely if it occurs, or the load for an 
extension of 1/200 of the gauge length can be 
also noted v ith fair accuracy. 

Lapp’s ^ niultipl^fing dividers answer the 
same purpose. They are iUustrated in Fig, 
49, and consist of two arms so pivoted that the 
motion of the points in which the short arms 
terminate is multiplied about ten times at 
the scale and pointer forming the ends of the 
long arms. To use the instrument the points 
of the dividers are placed in the centre punch 
marks on the test piece and held firmly in 
place when the load is applied. The pointer 
moTes across the^ scale slowly until the yield 
point, when a sudden and marked increase in 
the rate is observed. 

§ (22) The Maxemum Load. — An autographic 

® Testing Materials of Constructioti, 1910 edition, 
p. 20C. 

“ “ Engineering E-esearch,” Inst, MecTi. Eng. 
Proc., July 1913. 

* Proc. Amer, Soc. Test. Mat,, 1907, vii. 024. 
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Both are em- 


40 30 20 


stress strain diagram shows that, with a test 
bar which “necks ” before fracture, the actual 
load necessary to break the test piece at the 
neck is less than the maximum load on the 
bar before the reduction of area takes place. 
Nevertheless, the stress obtained by dividing 
the breaking load by the reduced area is 
greater than the stress obtained by vdividing 
the maximum load by the original area of 
the bar, w^hich is the figure required by 
specifications. 

The terms breaking stress, maximum 
stress, and ultimate stress are apphed indis- 
criminately to indicate the maximum load 
divided hy the original area which is desired 
by specifications. It is obviously not the 
maximum stress, although it is calculated 
from the maximum load. As the term 
breaking stress is also liable to be mis- 
understood the author prefers to call it the 
ultimaU stre-^s. 

§ (23) Percentage Elongation and Con- 
traction OF Area. — In specifications the 
elongation and contraction of area are re- 
quired in order to obtain a measure of the 
ductility of the material, 
pirical values, and the former, 
as has been shown in § (17), 
is dependent on the cross 
section of the test bar and 
the gauge length. It has 
been suggested, that the per- 
centage general extension instead of the per- 
centage total extension should be adopted, 
as tills is independent of the form of 
test bar. It would, however, complicate 
the calculation of the results, and owing 
to the general adoption of the other method 
of expression would doubtlessly cause, con- 
siderable confusion. 

The general extension, if it is required, is 
obtained either 

(i.) From an autographic diagram, as the 
extension at maximum load, i.e. before the 
necldng of the test piece, or 

(ii.) From the measurement of the elongation 
on two-gauge lengths on the same test piece. 

Thus if 6^ = elongation on gauge length 
62 = elongation on gauge length 
« — total local extension, 

B=the general extension per unit 
length, 

then = BLj -f- a, 

~ BL.> -j- (ly 

and the general extension per unit length 


“ “L2~L7 
_ ^iL2 ~ ^2^1 

Lj-X, = 

e.(7. with a 30-t()n steel, diameter .= 1-000 inch. 
Extension on 8" = 2-37 inches (29-() ])cr cent). 
Extension on 3''' = 1-32 inches (44-0 per cent). 


B = - 


1-05 


= h -==0-21, 


= 0-09, 


ZT- 1-32 
8-3 

_ (1-32 X 8) - (2-37 X 3) _ 3-45 
a~ 8-3 

i.e. general extension = B =21 per cent. 

§ (24) Measuring the Extension. — Tho 
gauge length in ordinary commerciial t(\stitig 
is marked on tho bar before it is tested, by 



Fig. OU. — •I)ou])lc Centre I’lineh. 

means of either a double coiiti’o puneli (A^?p. 30) 
or a laying-oif and ])er cent gauge (E/g. 51). 
It is, however, nearly as convenient and almost 
as quick to uso a pair of dividcM's sot to 
the correct gauge length. It is noei^ssary tt) 
have a vee block to siipj)ort the test pioco 
during the marking-off process. 

As long as the fracture is not h'ss tba,n a 
length equal to tho square root of llu^ ar(vi 
inside the gauge mark tho measuro of tho 


ri/VT/lAl/T/l/VI 


Fig. 01. — Luyin}?-oir and per cent Cau^o. 

elongation is usually accepted as RatiHfa(jt( )ry, 
i.e. 0-5 inch for a test pic(iO of 0*25 S(p in, ansa 
or 0-7 inch for a test piece of ()-r> h<|. in. a.rra. 

Sometimes it is specified that “ should a 
tensile test piece break outside Ibe middN^ 
half of its gauge length the tost may, at tiho 
contractor’s option, bo diseanhul ami anotln'i’ 
tensile test shall be made from the same bar, 
billot, sheet, forging or drop forging.” 3’he 
middle half is defined as shown in /'hV/. 52. 

§ (25) Method of REroRTiNG Kesuivls. — Tt 
is desirable that the results should bo repork'd 
in such a 


manner that 
the informal 
tion can be 
assimilated 
as easily as 
posvsiblo. It 
adds greatly 




Middle 

Half 

kl 

2 




Qaug o Ungtl^ 


FlU. 52. 


to the facility with which the ivsnlts c^an b(^ 
compared and scrutinised if tlui form of I’c'port 
is always in the same stylo. TIio following 
points are also worth consideration : 

(1) Tho roj)ort should contain m far as 
possible the actual observations. 

(2) The heads of information wlucdi atvb 
purely observational and those whi(ii bavt^ 
been rcdacoci by calculation should l)e k(q)t 
separate. It is convenient to have the latter 
on tlie right-hand side of tho form. 
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A typical form for tensile tests is given in 
Fig. 53, together with the results of a few 
tests. It is seen, that the information which 


the bar tested under tension, a concentration 
of stress is caused at the bottom of the 
groove or notch which is thus formed, ’\vhile 


Report. — Tensile Test of JMaterxal carried out oisr Boiler Plate supplied by 
A. Brown & Co., Ltd., for whom: the Tests were made 



Pi 

Original Dimensions. 


Maximum Loud. 
Tons. 

Dimensions at Fracture. 



Elongation. 

Per Cent. 

d 


d 

H 

Identiflcati 

Marks. 

Gauge Leugth. 
Inches. 

Dimensions. 

Inches. 



Extension. 

Inches. 

Distance of 
P'racture from 
Gauge Mark. 

n 

.2 

il 

5 

Area. 

Sq. In. 

Yield Stress 
Tons/Sq Ii 

Jm 

II 

0 

Reduction of 
Per Cent. 

Remarks. 

1201 

UEl 

2 

•563 

•2489 

3-4 

6-57 

•67 

1*0 

-395 

! 

-1225 1 

13-7 

26-40 

33-5 

50-S 

(Slightly laminated 
t fracture 

1202 

UE2 

2 

■563 

•2489 

3-8 

MS 

•62 

1-1 

•380 

1 

-1134 i 

15-3 

28-85 

31-0 

54-4 


1203 

UE3 

2 

•563 

■2489 

4-0 

6-77 

•62 

1-1 

•370 

•1075 I 

1 

16-1 

o 

(M 

31-0 

56-8 



Fih. 53. 


is ultimately required is given in th^ last five 
columns. 

Example of Test Record ami Calculation of 
Results . — 


§ (26) Forms of Tensile Test Bars. — It is 
shown by experiment that the form of the 
tensile test piece has an influence on both the 
clongaticm and the strength. 

The elongation ivith ordinary’' test bars is 
measured on a gauge length of uniform 
section. The effect of the enlarged ends is 
to reduce the local drawing-out of the material. 
The parallel part of the test piece is therefore 
alw'ays made somewhat greater than that on 
which the elongation is measured. If the 
length of the parallel section is reduced so 
as to form an abrupt change in cross-section of 

VOL. I 


the shoulders formed by the groove prevent 
free elongation of the metal. 

In a material which extends very little, an 
abrupt change of section -will lower the 


breaking load, while with a ductile material 
the suppression of the local drawing - out 
gives an increased tensile stress. 

The influence of the gauge length on the 
percentage elongation has been discussed in 

§ ( 17 )- 

On account of the considerations stated 
above, it is essential that definite types of 
specimen should be specified for commercial 
tests, in which the results of the tests 
decide whether the material is to be ac- 
cepted. 

As a result of the w^ork of Barba, the French 

L 


Tensile Test on Boiler Plate for A. Brown & Co., Ltd. 
Material received July 30, 1920 



1. 

2 . 

3. 

Tost No. ...... 

1201 



Identification marks 

UEl 



Gauge length 

2" 



Dimensions of test xdece 

0-563" diam. 



Cross-sectional area of test piece . 

0-2489 sq. in. 



Yield load 

Yield stress 

. 3-4 tons 

3-4/0-2489 

13-7 tons/sq. in. 

Maximum load 

Ultimate stress 

6-57 tons 

6-57/0-2489 

26-40 tons/sq. in. 

Elongation 

Distance of fracture from gauge 

0-67" 

;) 1-0” 

(0-67/2) X 100 

33-5 per cent 

mark 

Dimensions at fracture . 

-2489- -1225 


0-395" diam. 

0-1225 sq. in. 

Area at fracture .... 

•2489 


Reduction of area at fracture 



50-8 per cent 

Remarks 



1 Slightly laminated 
( fracture 


It will be noted that, with the exception of the original area, the observed values are given in column 1 and 
the calculated figures in column 3. This method simplifies the typing of the report as given in Fig. 53. 





146 


ELASTIC CONSTANTS 


Commission recommends the adoption of the 
relation 

L2 = 66-67 A 

or L = 7-2D for circular specimens, 
where L=:the gauge length, 

A — area of crosS'Section, 

D = diameter of the test bar. 

The German Commission recommends the 
use of the relation 
L=11-3 n'S 

orL = 10D for circular specimens. 

Thus while, wdth a test piece 10 mm. 
diameter, a gauge length of 72 mm. is recom- 
mended in France, a length of 100 mm. is 
adopted in Germany, 

0\^g to the practical difficulties in the 
way of adopting a varying gauge length for 
different cross-sections of test piece cut from 
plates and other rolled sections, fixed standards 
for cylindrical and flat specimens have been 



q" Parallel ^>; 

|-e 8" Gauge Length >j 


■ ■ - 1 ■ ' ■ 

i’5 for Diates — J 


or plates i 

iLPm" — 
ihicJf , 

ooer 0'87 eg thick ], 

1 under! 

1 1 2-0" for plates 1 

0-375" to Q'875 thick 



B.E.S.A. Standard Sizes of Test Plates for Plates 



d 

G 

P 


1 

s 

L^ 

La 


Da 

0-977 

3-50 

4-00 

5 

iJ 

1-5 B.S. IV. 

6-2S 

S 

7-25 

7-75 

0-798 

3 00 

3-375 

4 


7-2SB.S.W. 

5-25 

6-5 

7-0 

J-5 

0-564 

2-00 

2-25 

3 

±£ 

0-75B.S.F- 

4-25 

5-25 

0-75 

7 25 

0-3 S 8 

7-25 

7-50 

2 

J- 

0 SOB.S IV. 

- 

- 

- 

- 

0-735 

0-443 

a 625 

0-87S 

if. 


- 

- 

- 

.. 


Radius r should be as large as is consistent uirtl) 
the other dimensions- 

X These are B.E.S.A, Test Pieces 


Standard Forms of Cylindncal Test Bars 


Tig. 54. 


prescribed by the American Society for 
Testing Materials (A.iS.T.M.) and the British 
Engineering Standards Association (B.E.S.A.). 

The sizes selected by the B.E.S.A. are given 
in Fig. 54. Those adopted for cylindrical test 
bars of forgings {Fig. 54) approximately 
satisfy the law of similarity, where 

L = 4s/A, 

viz. : 


Diameter. 

Indies. 

Area in 

S(i. Inches. 

Gauge Length. 
Inches. 

0-5(>4 

0-250 

2 

0-798 

0-500 

3 

0-977 

0-750 



was published. A standard width of 2 inches 
was used for convenience in milling ; this gave 
a cross-sectional area varying with diiTcront 
thicknesses of plate, and thu.s disregarded the 
effect of the cross-sectional area on the per- 
centage elongation. 

In order to overcome this difficulty the 
B.E.S.A. standardised test bars having a fixed 
gauge length of R in. and a width varying with 
the thickness of the plate. Tn order to lesson 
the cost of production, three widths only wore 
chosen, viz. : 


Tliickness of 
Plate. 
Inches. 

Width of Test 
Par. 
Inches. 

Gauge L< 
iiu-he 

Under 2 i 


8 

o’ 

2 

8 

Over 1 

1^ 

8 


§ (27) ^ENLAllOliU .FkDS of TioST PlKOMH. 
(i.) Tensile Tests . — The design of the (mlargod 
ends of teat pieces requires care in ordcu’ io be 
sure of satisfactory rcaulia. It lias already 
been stated that axial alignment of Iho teat 
piece is necessary for accurate work and that 
this is best attained by the use of sjiherieally 
seated holders. 

For brittle materials it is ossonrial that ilio 
transition from the parallel part of tlu' b'st 
piece to the enlarged ends is graxhial, and ihat 
any part of the enlarged ends which is screwed, 
or other^vise has a sharp corner, is siinicihuitly 
large to prevent fracture at that phu^c. I^\>rius 
of ends for turned test pieces of east mariu'ials 
are given in Fig. 55. 

Test pieces may bo tapered insider i lu^ gauge 
length towards the centre, to an amount not 
exceeding in. for turned test pi(MU^H 

and 0-01 in, for sheets or ])lates, in oi‘d(u: 
to induce fracture near the centre of the gauges 
length. If this is done the middle half of the 
gauge length of the test ])io(ie should be parnJkL 

(ii.) Compression Tests on With i.hri 

more plastic metals there is no W(61-d(4ii)(Hl 
point of break-down under compression, and it 



* 3 }^ Radius 

Test Piece for Screwed Grips 



8 or more 

Test Piece for Weclffe Grips 

Tig. 55. 


For plates, both 10-inch and S-inch gauge 
lengths were in use before the B.E.S.A. standard 


is usual" to record the compressive strirngth 
at a given unit of deformation. Tlu^ values 
which are obtained in tins way arc only 
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comparative and do not give results which can 
be used as a basis for calculating sizes of 
structures. 

With brittle materials the ultimate stress 
can be obtained with precision, and the 
results are of value for calculating sizes of 
compression members. 

For metals the test piece is usually a 
cylinder whose ratio of length to diameter is 
two. 

It is important, especially with brittle 
materials, that a spherical seated shackle 
should be provided in order to adjust for 
inaccuracy of the i^arailelism of the shackles. 
A form of shackle is shown in Fig. 39. Care 
should be exercised to ensure that the pressure 
is applied axially. 

§ (28) Quality Factor. — Various empirical 
means of estimating the quality of the material 
from the results of the tensile test have been 
suggested. They combine the tensile strength 
with either the percentage of elongation or 
percentage contraction of area at fracture. 
The only factor which has been used to” any 
large extent in this country is a modification 
of one suggested by Wohler: 

Wohler’s quality factor + 
and the modified factor =p + e, 
where p = tensile strength, 

e=per cent elongation, 
c = pcr cent contraction of area. 

A quality factor must be used with care, 
bearing in mind the use to which the material 
is to be jjut. 

§ (29) Bend Tests. — A rough workshop test 
of the ductility of metals is given by the bend 
tests of various tjqpes which are now in common 
use. The test is made by bending a piece of the 
material cither by steady pressure or hammer- 
ing, the former giving the more concordant 
results, until an angle of 180° is reached or 
previous nipture takes place. In the latter 
case the angle is noted at which fracture occurs 
on the outside of the bend. A large amount 
of experimental work has been carried out by 
Mr. Bernard Firth, ^ but the test has not been 
so carefully standardised as the tensile test. 

The test is also used for ascertaining the 
effect of punching and drilling on the ductility, 
by using perforated plate specimens with the 
hole in the centre of the plate. The diameter of 
the hole, as recommended by Martens, should 
be twice the thickness of the plate and the 
width of the specimen five times its thickness. 

§ (30) Kinds of Bend Test. — The principal 
types of bend test in use are : 

(i.) Cold bend test (as received). 

(ii.) Cold bend tost (annealed). 

(iii.) Quench bend test or temper bend test. 

(iv.) Hot bend test. 

(v.) Nick bend test. 

^ Inst. Civ. Bng. Froc. civ. 254. 


(i.) Gold Bend Test . — This is the type which 
is most commonly used and is carried out at 
normal temperature. To test the ductility 
at low temperature the test pieces are some- 
times cooled artificially. 

(ii.) Annealed Bend Test . — For the annealed 
bend test the material is, previously to bending, 
reheated to a temperature exceeding its upper 
critical range, followed by slow cooling. The 
steel is usually very bad if it craclis after 
annealing. 

(iii.) The quench bend test is used for determin- 
ing the effect of alternations of high and low 
temperature on the ductility on such materials 
as boiler-rivet steel and stay-bolt iron. Before 
applying the bend test the material is heated 
to blood - red and plunged into water at a 
temperature of 80° F. The colour is judged 
indoors in the shade. 

(iv.) The hot bending test is specified to detect 
•red shortness 

or high sul- r- QTiQ- 

phur content. 

The material 
is bent while 
at a tempera- 
ture of about 
950 to 1000° 

C. 

(v.) The 
niched bend 
test is in- 
tended to 
show whether 
the material 
has a crystal- 
line or fibrous 

structure. Testing Machine Table 
The test piece Fig. 56 . 

is nicked all 

round, before bending, with a tool having a 
cutting angle of 00°. The depth of the notch 
is 8-16 per cent of the diameter of the test 
piece. The test piece should be placed so that 
the bend occurs wdth the minimum depth. 

§ (31) Forms of Specimens for Bend 
Tests and Method op Testing. — Ends are 
usually tested without machining. Plates 
should be planed at the sides after shearing, 
and the comers rounded with a file, othervdse 
cracks may start at the comers due to the 
shearing process having w^eakened the metal. 
With plates over one inch tbick it is especially 
important that this precaution should he 



Testing Machine 
(Upper Head) 


Test Piece 



taken. 

It is usual to bend bars, unless otherwise 
specified, round a mandrel of a radius equal 
to the diameter or thickness of the bar. 

A cold bending apparatus is shown in Fig. 56, 
in which a steady pressure is applied during 
the test. The lower plate A rests on the 
table of the testing machine while the upper 
tool B is held in place in the pulhng head by 
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wing nuts and plate. The brackets CC are 
spaced sufficiently apart to allow the upper 
tool and twice the thickness of the specimen to 
easily pass between the hjwer rollers dd. The 
rollers can be changed so as to adapt the appar- 
atus for either round, square, or twisted bars. 

Where a large number of tests have to be 
carried out, and the testing machine or press 
cannot be spared, it is usual to have a special 
machine used exclusively for bend tests. A 
hand power machine for specimens up to 
one inch square is shovm in Fig. 57. 

The correct size of centre pin is first put 
in the machine, the crank arm is next rotated 
until the crank arm pin is below the level of 
the test piece, and then the table is adjusted 
by means of the small hand-wheel until the 


Worm and W orm~- ujheel^ 
(An adjustable gradUaied ring 
is fixed to the reuerse side of 
theJWorm-uiheel for reading 
thi'^angte of bend) y 


Crank Arm 
Pin 


Frame of Machine- 


Bend tests are now' often rei)lace(l by singlcs- 
blow notched bar tests (see § (98) to § (109)) ; 
but these require s^jecial testing ])lant. 




— 

L_J 



A 

Bend Test 


st Flatteniuff Test 

Fig. 58. 


§ (32) Tests for Bivfts. — Rivets arc usually 
subjected to a bend test/ and a flattening test. 
For the bend tost they arc lianiinered cold 
^ wdfchout cracking until the 

^ two ■|)arts of the shank 

touch (Fig. 58 (A)) and for 
the llattening test tlu^ lu^n-ds 
, arc lianuiKU'cd w'hile the rivet 
— trWn ofgmn for >«<' '-nisUln.Ud.i M-.tli- 

. appluing power out cracking of the edge to 
a diameter 2.J tinies that of 
the shank (Fig. 58 (J5)). 

§(33) HiriiGiNO, Dkiktino, 
Flanging, and Flattening 
\ . Tests for (loepEa and 

YCentre Pm Brass Tuhks.— I t is usually 
I specified that bra,HS and 

j—Tabie copiior tubes shall stand a 

/ certain percent ag(‘ inereasi^ in 

/ the diameter (25 piw e<M\t is 

-Guides for Table usual) without ((racik or Haw 
when subjected to bulging 
(Fig. 59 (A)), drifting (Fig. 
59 (B)), or (Ifinging (Fig. 59 
Hand Wheel (C)). Another tc'st W'hi<b is 

frocjiientlyimposed is (lathm- 
ing and doubling over. It 
is generally c^arricvl out hotli 
cold and at nnl IxMit. l'li<^ 
tube is llattoiK'd and donbled 


-Guides for Table 


•'Hand Wheel 


Fig. 57. 

top of the specimen rests against the centre 
pin, which should be at about the centre of the 
specimen. The graduated ring is set to zero, 
and pow'er is apphed to the crank arm, which 
revolves until the te.st piece ruptures or the 
required angle of bend, read off on the gradu- 
ated ring, is reached. 

A fatigue test is sometimes used as an 
alternative to the bend test. The test piece 
is placed on bearings with a span of 6 in., 
and must stand without fracture tw'cnty blows 
from a weight (of 1120 lbs.) having a nmnded 
end of 1]- in. radius and falling (i in. The 
test piece is to lie reversed after the first and 
every alternate blow. Tlio heiglit of fall after 
the twenty blows is increased to 1 2 in. and the 
test continued until fracture occurs. 


over through TS(F as shown 
at Fig. 59 (D). 

§ (34) DmirTiwj Test or*' AlioTAr.s. Anoih(M’ 
w^orkshop tost for ductility, which is appli(vl 
with ordinary shop a])plian(^es, is to borr^ holes 



of a given diameter near to the odg(^ (»f tlu^ 
plate and open thorn by moans of a conk nil 
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drift (taper 1 in 10) until cracldng occurs 
or a definite increase in diameter is reached. 
The hole is usually -J inch diameter and 1^ 
inch from the edge of the plate. 

The following table gives comparative 
figures for various sizes of plate : 

Table 5 


Material. 

Thick- 

ness. 

Inches. 

Original Size 
of Hole, in 
Inches. 

Enlarged Size 
of Hole before 
Cracking, 
in Inches. 

Wrought \ 
iron j 

0-20 

0*625 

1*00 


0-25 

0*625 

1-20 


0-30 

0*625 

1*32 

Mild steel 

0-30 

0*625 

1*50 


§ (35) Falling Weight Test (called “ drop 
test ” in U.S.A.). — The falling weight test is 
considered to be a most useful test for rails 
and is given a prominent place in rail speci- 
fications. It is made by placing a piece of the 
rail 4 to 6 ft. long on supports 3 ft. apart and 
dropping a heavy hammer, through varying 
distances, on to it at the mid-point of the 


span. The results show if the rail is brittle and 
the deflection gives a measure of the ductility. 

P. H. Dudley’- of U.S.A. says : “ The physical 
properties of different sections can be com- 
pared and their chemical compositions adjusted 
from the results obtained on the standard 
drop-testing machine.” 

The results are comparative only when 
carried out under the same conditions. 

It is generally recognised that the weight 
of tup, distance apart of supports, height of 
1 Proc, Amer. Soc. Test. Mat, 1910, x. 232. 


fall, radius of striking faces and supports, and 
form of foundation must be specified. There 
is a difference of opinion how^ever on this point, 
more especially in regard to the foimdation of 
the machine. 

Particulars of the standard machines usually 
adopted in the United States of America and 
in Great Britain are given in Table 6. 

The atmospheric temperature is usually 
reported, and due allowance is made for rails 
tested at or below 0° C. 

The falling w^eight test is also applied to 
tyres and axles. For t 3 rres a w'eight of 2240 lbs. 
is allowed to fall freely from 10, 15, 20 ft., and 
upwards on the tread ; the tyre being placed 
in its running position upon a heavy cast-iron 
anvil supported by a rigid concrete foundation. 
The tyre must deflect a given amoimt without 
fracture. 

If internal diameter of tyre, as rolled, 
in inches, 

t = thickness of the centre of the tread, 
as rolled, in inches, 
deflection = drjct'^, 

where c = a constant depending on the breaking 
stress of the material (see Table 7). 


Table 7 


Value of c. 

Breaking Stress in Tons 
per Square Inch. 

45 

42-48 

50 

50-55 

55 

56-62 




§ (36) Drop Test of Tyres. — Tyres are 
subjected to a drop test as well as to a fall- 
ing weight test. The tyre is allowed to drop 


Table 6 



U.S.A. 

British. 

Falling weight .... 

Of cast iron with steel striking die 
having a radius of striking face 
of 5 in. and length of face of 12 in. 
Total w^eight 2000 lbs. 

Of cast iron -vdth steel striking 
face having a radius of 5 in. 

Weight 2240 lbs. 

Anvil 

Solid iron casting 15 in. thick and 
weighing 20,000 lbs. 

Weight 26,880 lbs., area of base 
45 sq. ft. 

Foundation. 

Anvil supported on 20 springs 
arranged in. groups of five at each 
comer. The springs are sup- 
ported by a cast-iron base-plate 
which is bolted to a substructure 
with a timber floor in between. 
The floor to be 18 in. longer than 
the base-plate. 

Anvil supported direct on 25 
tons of concrete having an 
area of 100 sq. ft. No timber 
or springs between the test 
piece and foundation. 

Supports for test piece (anvil dies) 

Pieces of steel having a cylindrical 
bearing surface of 5 in. 

Steel hearers having a radius 
of 3 in. 

Release 

A tripping device. 

No automatic release allow*ed. 
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freely, in a running position from ii specified 
height, upon a rail fastened to an iron block 
of not less than two tons weight. The tyre 
is then turned through 90° and dropped a 
second time. The height of fall depends upon 
the diameter of the tyre (see Table 8). 


Table 8 


Height of Fall in 

Internal Diameter of Tyre 

Feet. 

in Feet. 

5 

Up to 3|- 

4 

34 to4J 

34 

4 to 54 

3 

54 to C4 

2^ 

Over 6| 


§ (37) Testd^g Cast Iron, (i.) Transverse 
Test. — O^^dng to the ease "with which it can be 
earned out the transverse, or cross-brealdng 
test, has been universally adopted as the 
standard for cast iron. The test is carried out 

Table 9 


Paeticulars op Standard Test Bars 
POR Cast Iron 



English 

American 

German 


Standard. 

Standard. 

Standard. 

i Cross-sectionof j 
bar in inches 

U vide \ 
2" deep j 

1^''' diani. 

Ijlj" diam. 

1 Length of bar \ 

1 in inches J 

40 

15 

25} 

Span in inches. 

36 

12 

2362 

1 How cast . 

1 

On edge 

Vertically 

Horizontally 


by breaking the test bar as a beam loaded 
centrally. The strength is measured by the 
centre load which the bar will carry. The 


in order to obtain comparative rcsidts, but 
unfortunately the standards which are in us(^ 
in various countries arc dilferent. I’articMilars 
are given in Table 9. 

The general experience, in casting bars of 
the various standards in use, is that tlu'iro is 
a little more difficulty in oldaining sound 
bars cast to the English section than in the 
case of cither the American c)r ({erman bai’s. 

Machined bars are generally weaker tliaii 
unmachined specimens.^ 

If W is the central load, L the sj)an, Z the 
modulus of the section, and / the stress in 
the bar. 

Then mthin the elastic limit. 


WL 

A 


=/xZ, or/= 


4 


1 

%• 


Above the clastic limit the stress calculated 
from the formula varies for same inab'rial 
with the form of the sc(ition, but iF the blink- 
ing load W/, is substituted for W, a value 
of / is obtained which is a measure of the 
quality of the material for bars of siuiilar 
section, and is called the niodulua of rupiuivi. 

Q. Hailston,® in 1014, as a result of a seri(‘s 
of experiments on cast iron wlum t(\sted by 
cross breaking, finds that whereas the ratio 
of the breaking loads for 1x2x39" (span) 
and 1x1x12" (.s])an) beams is 1*333 if the 
formula W x L/4 =/Z is taken as a})plying up to 
the i)oint of rupture, the actual value is I* 153 if 
the pieces are machined, and 1 -lid wlien ttistod 
vdth the sldn left on. Ho furtluir liiuls that 


the best tost bar to give the most consistent 


and comparable results, both with l)r(‘aking 
load and dollection, is 25xljjx42" e-a.st on 
the flat and machined down to 2 x 1" and tcstcnl 


Table 10 

A Comparison op the Results on Grey Cast Iron 
Showing decrease of the modulus of rupture as the H[)an iiioreases 


Silicon. 

Per Cent. 

Span. 

Inches. 

Mean Centro 
Load. 

Lbs. 

Modulus of 
Rupture. 
Ltati.^Sq. In. 

Tensile Strength. 
Lbs./Sq. In. 

S^. 

So., 

S/ 

f 

13 

3000 

47,100 

) 

1 ‘HI 

1-5 \ 

18 

1935 

45,000 

Y 25,000 

1-78 

1 

24 

1425 

44.700 

1 

1-75 

f 

12 

2900 

45,500 

] 

1-87 

2-0 

18 

1835 

43,200 

'r 24,370 

1-78 

i 

24 

12G5 

39,700 

[ 

1 *0.3 

( 

12 

2880 

45,200 


1-83 

2-3 

18 

1905 

44,900 

'r 24,000 

D82 

(| 

24 

1400 

44,000 

J 

1-78 


deflection is also usually specified because, on a span of 30 in. The rate of testing should 
wdien taken in conjunction with the load, it not exceed 112 lbs. hi less than 15 soconds. 
gives an approximate measure of the tough- 
ness of the cast iron. It is essential that the i^xxvf itobinson, Imt. Civ. Bm, Proc. 

form of the test bar should be standardised ' rron and mecl Inst Journ., iDif. 
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The results in Table 10 of tests on grey- 
cast iron by Mathews ^ show that the modulus 
of rupture decreases as the span increases ; 
the cross-section being circular (1^ in. diam.) 
and kept constant. 

Table 11, compiled from figures recorded by 
J. E. Stead,^ gives a comparison of results 


The following observations have been 
recorded as the result of careful experiment : 

(1) (Square bars, in general, exhibit a sbghtly 
higher modulus of rupture than round bars of 
equal area. Tests by a committee of the 
American Society of Mechanical Engineers “ 
give an average of about 5 per cent higher. 


Table 11 

Experiments on Transverse Strength 


Comparison of tests on English, German, and American Standard Bars 


Description. 

Dimensions. 

Span. 

Mean Centre 
Load. 

Lbs. 

Deflection. 

Modulus of Buptnre. 

Inches. 

Inches. 

Inches. 

Lbs.ySq. In. 

Tons/Sq.In. 

English Standard — 
Oast on. flat . 

1-07 X 1-98 

36 

2840 

0*38 

36,500 

16*3 

German Standard — 
Oast horizontal 

1-14 diam. 

23*62 

1210 

0*32 

49,200 

22-0 

American Standard — 
Cast vertical . 

1 -24 diam. 

12 

3230 

0*11 

51,800 

23-1 

English Standard — 
Oast on edge 

1-02 X 2-04 

36 

3370 

0-40 

42,900 

19*2 

German Standard — 
Cast horizontal 

1-23 diam. 

23*62 

1660 

0*36 

53,700 

24*0 

American Standard — 
Cast vertical . 

1-25 diam. 

12 

3380 

0*135 

52,300 

23*3 


obtained on British, American, and German 
standard bars. His conclusion is that it is 
desirable that any bar for testing for deflection 
by transverse stress should not be less than 
24 in. long, as, with shorter bars than this, it 
is very di-fficult to measure to the required 
degree of accuracy except with very delicate 
measuring instruments. 

In commercial work a deflectometer of the 
type shown in Fig. 60 is 
generally used. It consists 
of a cast - iron base the 
bottom of which is care- 
fully planed. This base 
carries a scale along which 
a lever moves a vernier 
reading to 0-001 in. The 


Scale 


Sliding 

Vernier 




(2) Bars cast horizontally are strongest when 
the load is applied against the cope face. 

(3) Bough bars are stronger than planed 
bars.^ 

(4) Tumbling in a rattler increases the hard- 
ness of the skin and therefore improves the 
strength. 

(5) Bars run with hot metal are weaker and 
deflect more than bars run with dull metal® 

(6) Tapping a bar with a hammer during 
test reduces its strength.® 

(7) Eor bars of the same proportions, 
the modulus of rupture is lower as the 
section is larger.® 


Leuer^ 


Plunger^ 





_ Adjusting 
j/ Screuf 


Cast Iron Base 


Tig. 60. 


adjusting screw of the lever is arranged under 
the transverse tool so as not to be aflected 
by the breaking of the specimen. A simple 
arrangement which is sometimes adopted is 
to use a Browm and Sharp lathe indicator 
under the transverse tool at the centre of 
the beam. 

^ Proc. Amer. Soc, Test. Mat, x. 299. 

“ Proc. Int. Assoc. Test. Mat., 1912, vi. 4. 


(8) A wide bar gives a higher, and a deep 
bar a lower modulus of rupture.® 

With the English standard test pieces 

3 Trans. Amer. Soc. Mech. Eng. xvi. 543 and 1066, 

* 'Segundo and Uohinson, Inst, Oiv. Eng. Proc. 
Ixxxvi 248. 

Millar, Inst. Cir. Eng. Proc, Iviii. 222. ^ 

“ Unwin, Testing of Materials of Construction, 1910 
ed., p. 291. 
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{!" wide, 2'" deep, 4:2" long, and 36" span) the 
strength of cast iron is usually specified by its 
breaking load in cTvds., figures of 18, 28, and 
38 (cwts.) corresponding to poor, fair, and 
good cast iron. A usual specification is that 
the cast iron shall sustain a load of 30 cwts. at 
the centre with a deflection of not less than 

I ir*. 

A form of report which is suitable for 
transverse tests is given in Fig. 61. It 


cast iron to ensure that the pull is axial, as 
this material is greatly weakened by ()bli([ue 
or eccentric loading. For acc.uratc testing, 
shackles with siflierical seats should bo em- 
ployed (see Figs. 33 and 31), the tost 
bar should be cast in one with the \vork and 
turned to a suitable size, care being taken to 
avoid rapid changes of sccticon near the part 
of the specimen under test. 

The size of the bar from which the test 


Transverse tests of Materials carried out on 

Supplied by for whom the tests wore made. 


5 

ll 

1 

_o 

^ % 

® , 

0 J 

2 5''^ 

S 0- G 

5 

Dimensions. 

Deflection at centre In Inches. 

Breaking Load at 
Centre in Lbs. 

Deflection at 
Fracture in Inches. 

lloiuiirkH. 

Breadth, 

Inches. 

Depth. 

Inches 

& 

u 

IS 

'lAio or 

i 

o 

20 Cwt. 

t 

O 

S 

t 

o 

o 

u 

1 

o 

o 















Order No. 



Reference. 


Director. 

Tested by 

EIG. 61. 

Date. 


enables the salient points of the results to 
be seen at a glance, and meets all ordinary cases 
on the testing of cast iron. 

(ii.) Bjfect of Temperature on the Transverse 
Strength of Cast Iron . — Cast iron loses very 
little of its strength or toughness up to a 
temperature of 400° C. The following sets of 
experimental results by Meyer ^ show this 
very clearly. 

TABr.E 12 


Effect op TuiirPERATirRE ox the Strength 
OP Cast Iron 


Temperature. 

C. 

Modulus of 
Rupture. 
Tons/Sq, In. 

Maximum 

Deflection. 

Inches. 

IS 

23-5 

0-31 

(JG 

22-2 

0-30 

2GS 

21 1 

0-28 

207 

19-9 

0-30 

620 

12-1 

0-55 

807 

7-G 

0-94 

18 

23-6 

0-30 

85 

21-9 

0-28 

155 

21-3 

0-28 

370 

21-0 

0-30 

580 

lG-0 

0-57 

810 

G-2 

0-79 


§ (38) Tensile Strength of Oast Iron.— 
It is imjDortant when making tensile tests on 


^ ^Stakl und JUittm, XXV] 3270-71. 


piece is taken affects the results obtained^ 
bars of larger section giving, as a rule, lower 
results. 

Tables 13 and 14 give results roc'-ordcnl by 
J. E. tSload 2 on test ])ioccs ])ropared from 
bars of various sizes whicli have boon oast in 
different ways. 

Table 10 gives results obtained by MatluwH 
on cast iron containiiig various portumtagoH of 
silicon. 

A comparison between tlio modulus of 
rupture and the tensile strength is givtm in, 
Table 15. 

§ (39) CEUsniNG Strength oir Cast Ikon.* ■ - 
The crushing strength of cast iron is obtaimul 
on cylinders or ])risms in whic^li the ratio of 
the height to the least lateral dimenHion is 
between one and throe. 

^ The crushing strength is usually about five 
times the ultimate tensile stn'iss, and samples 
of bad, good, and very good cuist iron should 
give a crushing stress of 30, 40, and 50 tons 
per square inch rospoctivoly. 

§ (40) Resistance of Cast Iron to LriiEGT 
Shear and Torsional Shear.— As the l•('Hult 
of experiments in direct shear by Tlatt and 
Hayward it was thouglit that the sluniring 
strength of cast iron w'as a))Out live to six tons 
per square inch. Izod,® liowovor, by using 


3 

4 

c 


Proc. Int Assoc. Test. Mat., 3012, vi. 4. 
Proc. Amer. l^oc. Test. Mat. x. 2i)9, 
Inst. Oil'. Fna. Proc. xc. 382. 

Inst. Mech. J^Jng. Proc., Jan. 3900. 
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nwro perfect apparatus, has obtained much 
higher figures, and these are confilrmed by 
Goodman. The results of these tests, together 
with the figures obtained from gun-metal and 


giving a lower result in shear than in 
tension. 

Fremont is of opinion that the shear test 
gives a very useful indication of the quaHty 


Table 13 

Tensile Tests on Cast Iron 
Test pieces 0‘798 in. diameter, 0*500 sq^. in, area 


Description. 

No. of 
Tests. 

Ultimate 
Stress. 
Tons/Sq. In. 

Average per cent 
Yariation from 
Average. 

Remarks. 

Cast on flat in bars 2x1" 


11*2 

1*3 



Cast horizontally (1-187" diameter) 

4 

12*2 



- All test pieces turned. 

Cast vertically (I}" diameter) 

4 

12*2 

i 

i 1-8 

1 1 

J 



Table 14 

Tensile Tests on Cast Iron 
Teat pieces 0*798" diameter, 0*500 sq, in. area 


Description. 

No. of 
Tests. 

Ultimate 
Stress. 
Tons/Sq. In. 

Average per cent 
Variation from 
Average. 

Remarks. 

Cast horizontally as a test bar (I]-" 
diameter) 

)‘ 

13*9 

0-9 

Tested with skin on. 

Cast horizontally (1*187" diameter) 

6 

13*4 i 

3*2 

Turned to 0-798" diameter. 

Oast vertically (1*187" diameter) . 

6 

13-5 

1*8 

1 

Turned to 0-798" diameter. 


Only test pieces which broke with a sound fracture are included in Tables 13 and 14. 

Table 15 

Comparison op Modulus op Rupture and Tensile Strength op Cast Iron 


Type of Test Bar and Authority. 

^Modulus of Rupture. 

Ultimate Tensile Stress. 

Ratio. 

A/B. 

Tons/8q. In. 

A. 

Tons'Sq. In. 

B. 

f 

23-0 

11-4 

1-84 

American Standard (Mathews) . 

20-3 

10-9 

1-86 

1 

20-2 

11-0 

1-84 

American Standard (Stead) . . j 

23-1 

23-3 

l‘>,0 

13-5 

1-89 

1-72 

Fnglish Standard (Stead) . . | | 

lG-3 1 

19-2 1 

11-3 

13-9 

1-46 

1-38 

German Standard (Stead) . . | 

22-0 i 

24-0 

12-2 

13-4 

1-80 

1-79 


mild steel, for comparison, are given in 
Table 10. 

The point of interest in Table 16 is the fact 
that the shearing strength of cast iron is 
higher than the ultimate tensile strength. 
Goodman says that, with the exception of 
specimens which are defective on account of 
blowholes or sponginess, he has never had a 
single instance of a specimen of cast iron 


of cast iron if the sample tested truly represents 
the material of the casting. He has devised 
a special test for this purposed A small piece 
of the actual casting, 25 mm. diameters and 
20 mm. long, is detached by a trepanning tool. 
The specimen is placed vdthin a block holding 
a fixed blade, and is cut by a movable blade 
which is forced into the specimen by a weighu 
^ Fremont, Compies Rendus, Dec. 9, 1918. 
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acting on a lever. The force of rupture is 
estimated from the weight and leverage. Since 
the diameter of the hole bored in the casting 
is only about in. dicimeter the castiiig 
is not .spoiled by this method of procedure. 

Under torsional shear a round bar of cast 
iron invariably fractures along a helix whose 
angle is 45°, that is to say, it occurs where the 
tensile stress is a maximuni, and indicates 
that cast iron has a lower resistance to tension 
than to shearing. This conclusion confirms 


(i.) The Effect of Perforation on, the h^frcngth 
of Mild Steel Plates.-— In the discuHsion on 
a paper by W. Hackney before the Institute 
of 'Civil Engineers, Stroraeyor ^ describes ex- 
periments carried out to doterMuno the effect 
of perforation on the tensile strength and 
elongation of boiler plates. The forms of test 
bars that he used are given in Pig. 03, and tlio 
results are given in Table 17. 

The test pieces arc all cut from one piece 
of plate 12 mm. (t) thick, and the holes are 


Table 16 


Sheartxq Tests ox Cast Iron 





Ultimate 


Calculated 




Ultimate 

Batio. 

CoolUcient of 


Material. 


Tensile Stress. 
F<. 

Tons/Sq.. In. 

Shear Stress. 

¥s. 

Tons/Sq. In. 

F. 

Ft* 

Torsional 
Strcnpith. 
Tons/Sq. In. 

Anlhority. 

Cast iron A 


9*7 

14-8 

1*52 


1 


„ „ B . 


13*4 

174 

Ml 




» „ c . 


11-3 

13-9 

1*22 



Izod 



13-7 

161 

M8 






13-5 

! 14-8 

MO 




Cast iron . 

r 

i 

ii 

10*9 

11*5 

i 12-9 

13-0 

MS 

M3 

! 10*0 


Goodman 


12-1 

12-5 

1*03 


Hod 

Gunmetal . 

.} 

[ 

124 

13*8 

174 

16*0 

140 

M6 

21*0 

j Goodman 

Mild steel , 

f 

*\ 

26*9 

23*6 

21*0 

18*9 

0*78 

1 0*81 


I/.od 

( loodman 


the direct shear results of Izod and Goodman. 
A typical torsion fracture is shown in Fig. 62. 



I’m. 62. 


§ (41) Influence of Foem on the Proper- 
ties OF Materials. — An abrupt change in 
the cross-section of a tensile or transverse test 
bar causes : 

(a) A diminution of the elongation at the 
reduced section due to the shoulders of the 
notch or groove. 

(b) The stress to be highly concentrated at 
the periphery of the groove or notch. 

There are thus two effects — the suppression 
of the drawing out of the material causes a 
gain of strength, while the inequality of the 
stress on the section of fracture gives a re- 
duction in strength. 

With a brittle material, e.g. cast iron, the 
elongation is negligible, and in consequence 
the effect of a groove is to cause a reduction 
of strength. On the contrary, a grooved mild 
steel test piece is stronger than a plain bar of 
the same material, because the suppression of 
the drawing out causes an increase in strength 
which is greater than the effect due to con- 
centration of stress at the groove acting in 
the opposite direction. 


all 24 mm. (d) diameter. The width (/;) varies 
in different bars from 7*6 to 54*0 nun. 

(ii.) Strength of Screwed Bolts . — The iTJwiilts 
of some tensile tests on four different kinds of 




screw threads, made hy th(^ author, arc given 
in Table 18. The threads soloctod wore : 

(1) British Standard Fine. 

(2) British standard Whitworth. 

(3) Sellers Thread. 

(4) U.S.A. 60° Sharp Voo Thread. 

Four materials wore used, ranging In 
ultimate stress from 24*0 to 52*7 tons ])er 
square inch. The bolts were g in, dia- 

^ Proe. Inst. Cir. Bng.y 1884, Ixxvi. 142, 
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meter and were all machined from l|-in. dia- 
meter bar. 

From the results in Table 18 it is seen that 
for steel up to 40 tons per square inch the 


those screwed with B.S.W. thread, are weaker 
than the plain bar. 

Martens ^ has carried out similar tests on 
'|-in. and 1-in. bolts, using steels of 27-7 


Table 17 

Strength op Perforated Plates 


Form. 

Dimensions. 

Eatio. 

b 

cC 

Elongation per cent. 

Ultimate Stress. 
Kilos per sq. imp. 

Width. 
b mm. 

Thickness. 
t inrn. 

Of Hole. 

In 50 mm. 

In 200 mm. 

A 

35 

' 12 




25} 

44-0 


B 

4G-8 

12 

1-94 

50 

26 


47-4^ 



31-8 

12 

1-32 

40 

18 


48-0 

'Mean 47*8 


18-0 

12 

0-75 

27} 

14 


47-7 


12-5 

12 

0-52 

21 

12 


48-0 J 


C 

54-0 

12 

2-25 

54 

28 


46*6^ 



44-0 

12 

1*83 

50 

26 


47-0 



34-0 

12 

1-42 

46 

22 


45-8 



28-4 

12 

MS 

41} 

22 


45*0 

* Mean 45*7 


23-3 

12 

0-97 

37} 

20 


48-8 


18-6 

12 

0-77 

33} 

16 


45-2 



13-0 

12 

0-54 

25“ 

14 


45-5 



7-G 


0-32 

21 

10 


45-lJ 



Table 18 

Tensile Tests on |-inch Diam. Screw Bolts 



Material. 

A. 

Material. 

B. 

Material. 

C. 

Material. 

D. 

Tensile Test on Material — 

Yield stress 

15-6 

17-6 

23-5 

25-6 

Ultimate stress .... 

24-0 

29-5 

40-3 

52-7 

Per cent of extension L/ vA=4 

41-0 

39-0 

28-0 

19-0 

British Standard Fine Thread 
(Root diam. =0-5335 in.) — 

Yield stress 

17-8 

20-1 

24-7 

26-7 

Ultimate stress .... 

26-3 

33-8 

46-6 

48-6 

British Standard Whitworth 
(Root diam. =0-5086 in.) — 

Yield stress 

18-0 

20-4 

26-0 

26-6 

Ultimate Stress .... 

27-0 

34-0 

45-9 

54-0 

Sellers Thread 
(Root diam. =0-5069 in.) — 

Yield stress 

19-0 

21-0 

25-5 

26-6 

Ultimate stress .... 

26-8 

34-7 

44-9 

51-0 

U.S.A. Sharp 60° Vee Thread 
(Root diam. =0-405 in.) — 

Yield stress 

17-7 

21-3 

26-5 

25-6 

Ultimate stress . . . . 

28-2 

35-3 

47-1 

1 


Note. — (1) Stresses are given in tons per square inch. (2) For tests on threads, the area for calculating 
tile stress is taken as that at the bottom of the thread. 


strength (per square inch of section taken at 
the bottom of the thread) is greater for the 
bolts than for the plain bar, but that for the 
53 -ion steel the bolts, with the exception of 


and 23-9 tons per square inch respectively. 
His conclusions are as follows : 

(1) Screw threads subjected to plain tension 
^ Zeils. Vereines Deutsch. Ing., April 27, 1896. 
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are stronger than plain iDars of the same net in the same terms as the static tensile test, 
cross-sectional area, the excess of strength bnt always with higher numerical values, 
being approximately 14 per cent. On the other hand, Lebastcur ^ v'as unable 

(2) There is no marked difference in the to find this difference with steel bars. 11 is 

ultimate strength with different forms of tests gave fractures which were the same in 
threads — the sharp thread is slightly stronger apx)carance in the two cases, and the elonga- 
than the others. tions of similar bars were also nearly idcmtical. 

(3) Under repeated loads and impact it is (ii.) Effect of Variatiovfi of Slow Rales of 
probable that the sharp vee threads would Loading. — Bauschinger^ carried out a fairly 
develop oracks quicker than the other forms, complete set of experiments under’ slow rates 
and that the Whitworth thread would be the of loading and showed that : 

last to show this weakness, either with repeated (1) The effect on the elongation of altering 
loads using soft material or static loads with the rate of loading varied according to the 
high carbon steel. material employed. With cast iron the effect 

The tw^o sets of experiments, by different was negligible, while with steel, wrought ii’oii, 
experimenters, described above are in agree- copper, bronze, and brass it was so slight that 
ment. It will be seen that Martens’s supposi- it was masked by differences in the (juality of 
tion wnth regard to the superiority of the the test bars. Tor lead and tin there was a 
B.S.W. thread with high carbon steels under marked increase in the extension with time, 
static loads is shown by the author’s tests to (2) The ultimate stress was in some c.ascs 
be correct. greater when the extension was fast than 

With regard to Martens’s statement of the when it was slow, 
probable weakness of sharp vee threads under Tests on iron and stool given by the (k)m- 

Table 19 

IiviPACT Tests on Screw Threads 


(1 Inch Diameter) 


Kind of Tliread. 

Diameter at Bottom 
of Tiiread. 
Inches. 

Ft.-lbs. absorbed 
in Erae.ture. 

Per cent of 
( Mnergy taken by 
the B.S.K.). 

British standard fine (B.S.T.) 

0-872 

2275 

100 

Sellers thread (cha.sing tool) 

0-838 

1921 

84 

Sellers thread (single pointed tool) . 

0-835 

1888 

83 

British standard Whitworth thread . 

0-840 

2003 

88 

U.S.A. sharp vee thread 

0-780 

1599 

70 


impact, some tests by the author also confirm 
this conclusion. The tests, of which the results 
are given in Table 19, were made on 1-in. 
bolts and broken by a single blow, the energy 
absorbed in fracture being measured. It will 
be noted from the table that the sharp veo 
bolts are the weakest of those tested and the 
British standard threads the strongest. 

§ (42) Influence of Time on Test Results. 
— General experience shows that elongation 
and contraction of area are increased by very 
rapid loading, but that within the ordinary 
limits of time occupied by a tensile test to 
fracture, of most materials, the rate of loading 
does not appear to have any effect on these 
results. The results from various experi- 
menters, however, are not quite consistent. 

(i.) Effect of very Rapid Loading . — Maitland ^ 
found that steel, broken in impact, gave 74 per 
cent more elongation than the same material 
broken in the static tensile testing machine. 

Blount, Kirkaldy, and tSankey ^ concluded 
that the impact tensile test gave the ductility 

^ Treatment of Gun Steel,” Inst. Civ. Eng. Proc. 
Ixxxix. 120. 

^ Comparison of Methods of Testing Steel,” 
Inst. J\Iech, Eng. Proc., May 27, 1910. 


mission des methodes d’Ussai dos Matoriau.K 
show very little differeneo in tlto ultiinari^ 
extension of the ultimate sl^ross wind her carried 
out in a few .seconds or many miuutc^H. 

Bottomley,® how'cvcr, when experiiiKMiting 
with soft iron wire, fouiul that, gtauunlly, ilu^ 
contraction of area and local contraedion were 
less if tlio loads were appli(5(l luore slowly. 
His researches included a determination of 


Tablm 20 


Time the Load was 

Maximum 


allowed to remain on 

Load to 

JdoTigation, 

the Wire. 

Praetun^. 


Lbs. 

P(M’ (-(‘lit. 

Ordinarv test in 10 

J 43-5 to 4(} 


mimiiea 

22 to 17 

24 hours at 43 lbs. . 

40-25 

15 

84 hours at 43 lbs. . 

51-5 

,144 

2 months’ gradual 

\ '7ft. or. 


loading from 40 Ibs.j 

j 



® Ann. des ^onts et chaussilcs, 1890. 

* Inst. Civ. E7ig. Proc. evii. 484. 

® M6thodcs d'essai des maU^riaux, i. 84 L 
“ .Article ” Elasticity ” in the Enegclopwdia 
Bntannica. 
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the effect of time on the breaking load of soft 
iron ^ire. He found that the wire, if loaded 
to just below the ordinary brealdng load, in- 
creased in strength according to the time the 
wire was under this initial load. 

A summary of the results are givpn in Table 

20 . 

IV. Mea-surino Tnstrttments for the Be- 

TERMIHATrOH OF THE ELASTIC CONSTANTS 

OF Metals 

In order to obtain information as to the 
elastic constants of materials it is necessary 
to measure deformations while these materials 
are being strained elastically. 

In commercial testing, where a measure of 
the ductihty only is required, the final amount 
of deformation is all that is necessary. In a 
tensile test with a standard 2-in. gauge 
length and cross-sectional area of 0*25 sq. 
in., the total elongation may be 0-50 in., 
and as this can be measured by the aid of 
dividers to the nearest in. the accuracy 
of reading is 2 per cent. 

Using the same size of test piece and gauge 
length, the extension at the elastic limit is of 
the order of 0-002 in., so that for the same 
percentage accuracy the measurement must 
be correct to 0*00004 in. ; the smallness 
of this extension can be realised when it is 
considered that the thickness of a piece of 
cigarette paper is about 0-001 in. With 
the best tjqies of mirror extenso meter, altera- 
tions of length can be accurately measured to 

of this amount, i.e. 0-000004 in. 

§ (43) Extensometers. — In any type of 
strain-measuring apparatus there are certain 
general principles which it is advisable should 
be fulfiUed. 

(i.) If changes in length of the axis of the 
test bar are to be determined, measurements 
should be taken on opposite sides of the 
specimen. Unwdn ^ has shown that, if this 
condition is not satisfied, initial curvature of 
the bar wiYL cause serious errors in the 
results, but if the mean of measurements 
taken at points symmetrically placed on 
either side of the bar is adopted, the error 
due to curvatiire is nearly eliminated, the 
lengthening of the distance of one side 
being compensated by shortening on the 
other.” 

(ii.) The apparatus should be directly at- 
tached to the test piece at the gauge points 
only, and after the initial sotting it should not 
be necessary to handle it during the course of 
the experiment. 

(hi.) The instrument should be as light as 
possible, and designed so as to be rapidly 
attached to or detached from the test piece 

^ “ Measuring Instruments used in Mechanical 
Testing,” Phil Mag., March 1887 ; Phys. Soc. Proc., 
1887. 


without interfering with the application of the 
load. It is advisable that, if possible, it should 
be self-contained. 

(iv.) The instrument should be arranged so 
that its accuracy can be determined by a 
calibrating device, and the attachment to the 
test piece should be such that the gauge length 
is capable of determination with sufficient 
accuracy. 

(v.) The mechanical or optical details, and 
the relative positions of all the parts with 
respect to the axis of the specimen, should be 
such that the “ constant ” of the instrument 
is the same throughout its range, or that any 
errors which are involved are so small as to 
be of no importance. 

(vi.) The zero of the instrument should be 
constant for the same conditions of test ; thus 
if, after straining the test piece, there is no 
permanent set the instrument should return 
to its initial position. 

Extensions are measured in five different 
ways : 

(i.) With a micrometer screw. 

(ii.) By an indicating dial. 

(iii.) With a microscope. 

(iv.) By a multipl3dng lever (mechanical 
magnification). 

(v.) By optical magnification. 

With methods (i.), (ii.), and (iii.) the deforma- 
tions are ascertained with little or no magnifica- 
tion, while with instruments employing methods 
(iv.) and (v.) the strains are considerably magni- 
fied before the measurements are made. Some 
extensometers use a combination of (iv.) or (v.) 
with (i), (ii.), or (in.). 

§ (44) Micrometer Screw Extensometer. 
— These instruments consist of two clamps 
placed on the test bar at a distance apart 
which is equal to the gauge length. The 
movement of one clamp relatively to the other, 
as the load is applied, is measured by the 
reading of one or more micrometer screw's 
fixed to one clamp and brought into contact 
with the other. The accuracy of the instru- 
ment depends on : 

(а) The uniformity of the pitch of the 
micrometer screw. 

(б) The constancy of the pressure at the 
point of contact. 

(c) The care with which the micrometer 
screw is operated, because the instrument has 
to be touched by hand many times during the 
experiment. Care should be observed in order 
to ensure that the couple applied by the 
fingers is perpendicular to the axis of the 
screw. 

Micrometer screw extensometers are largely 
used in the U.S.A. by students, and give 
satisfactory results when used with great care. 
The principal makes of instrument are divided 
into two sections according as to whether they 
have one or tvp'O micrometers. 



158 


ELASTIC CONSTANTS 


§ (45) Double Micrometer Screw In- 
STRUMEifTS. (i.) Professor R. H. ThwrstorC s'^ 
Extensometer (1875). — This was the first in- 
strument in which two micrometer screws 
were used, one placed on each side of the axis 
of the test piece, and in which electric contact 
was emplo3’'ed in order to eliminate errors due 
to variation of pressure. 

(ii.) Henning's ^ Micrometer Extensometer . — 
This instrument is shown in Fig. 64. Two 
frames A and B grip the test piece by two 
steel points h, h and two knife edges c, c. 
The lower frame B carries two micrometers 
m, and the upper frame A is provided 
with a pair of plugs g, g which are in line with 
the micrometers. As the distance between 
the frames increases with application of the 
load, the ends of the screws / , / are brought in 
contact with the plugs g, g. The contact is 
indicated by ringing an electric bell by a weak 
electric current, or, owing to the uncertainty 
of bell mechanisms, telephone receivers are 



sometimes substituted. The extension is read 
on vertical scales e, e and the graduations of 
the micrometer heads w, m. 

The instrument registers to one ten- 
thousandth part of an inch, and can be used 
on either round, flat, or square specimens. In 
order to attach the extensometer to the test 
piece, the frames A and B are opened. Bars 
d are used for setting the frames A and B 
at the correct distance apart ; they are removed 
while the test is in progress. An instrument 
of this type is supplied by Messrs. Tinius 
Olsen Testing Machine Co., Philadelj^hia, under 
the name of The Olsen Standard Duplex 
Micrometer extensometer. 

(iii.) The extensometer invented by C. A. 
Marshall, of the Cambria Iron Company, differs 
from Henning’s in three small details. The 
adjusting bars d {Fig. 64) are omitted and 
the knife edges^c, c are replaced by a spring 
and roller attachment which, in connection 
with a spirit level, assists in the accuracy of 
the adjustment. The micrometer screws are 

^ JHaterinls of Engineering, ii. 360. 

^ Trane. Amor. Soc. Mech. Eng., 1885, p. 479. 


placed nearer the lower frame than in the 
Henning extensometer. 

(iv.) The Yale extensometer ^ is a simplifica- 
tion of the ^Marshall apparatus. Ilie spring 
rollers are omitted and a gauge bar introduced 
to keep the clamps parallel, bi’ing the ])()ints 
of measurement opposite, and gauge Iho 
length. The gauge bars are made of dilToront 
lengths and are removed before beginning to 
strain the specimen. It 
reads to ten-thousandths 
of an inch by micrometer 
screw. 

§ (46) Single Micro- 
meter Screw Instru- 
ment. Unwin's ^ Screw 
Extcnisometer. — This in- 
strument is shown dia- 
grammatically in Fig. 65. 

The two frames arc 
clamped to the test piece 
at points on a plane pass- , 
ing through ii.s axis by sot 
screws a and h. The 
lower frame carries tho 
micrometer screw e, on tho hardened point of 
which the upper frame rests. Provided that 
the frames are at right angles to tho axis, 
the micromotor screw gives tho vaiiations in 
the length betw'ocn the two points of hu[)- 
port on the test piece. To s(>t the franu^s 
normal to tho axis of tho test bar, levels r, / 
are attached to them. Level c on the low(’ir 
frame is adjusted by tho screw d, while the 
upper frame is sot level by moans of tho 
micrometer screw e. Tho pre.ssuro on tho 
micrometer s(!row is thus 
constant, and ccpial to 
the weight of tho ui)pcr 
frame. 

§ (47) Single Micro- 
meter SC!REW COM BIN EJ) 

WITH A Multiplying 
Lever. (i.) QarratCs ^ 

Extensometer. — In this 
instrument (shown dia- 
grammatically in Fig. (>0) 
there is a mechanical 
magnification of two, combined wibli moasuiH^ 
ment by means of a single niieronu4/(U’ ser(nv. 
Two pairs of steed plates Ji and (! are attaeluHl 
to the teat piece by screws E, K and pivolc'd 
together at F. Tbo micrometer M is pivoii^d 
to the lower plates and carries a spindh^ I( 
which passes through a guide K pivoted to 
the upper plates. Tho spindle (ianh^s a 
hardened ])in on its upper end, and wlx'n 
the tost ])ioco extends, this pin, whie.h forms 
part of an aneroid barometer, moves iho 
aneroid needle. Half of tho amount which 

“ 8eo .Tohnsou's MaicriuU of (Umstmetion, 1918 
ed., p. 80.‘ “ Phi/fi. if<oc. Vroe., 1880, viil. L78 

^ Inst. Civ. Eng. Proc. cxxviii. 321. 
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the niicrometer has to he moved to bring the 
needle to its original position is a measure of 
the extension. 

(ii.) Riehle iynproved extensometer, supplied 
by Messrs. Biehle Bros. Testing Machine Co., 
reads the average stretch from two sides of 
the test bar with one micrometer screw. The 
arrangement is shown diagrammatically in 
Fig. 67. The two frames A and B are 
each fixed axially to the test piece by two 
hardened steel - pointed thumb - screws S, S. 
The left-hand rod R is rigidly joined to the 
lower frame B and is pivoted to the upper 
one A. The right-hand rod swings from a 
pivot in the upper frame over the micrometer 
screw in the lower one. The rods are equidis- 
tant from the points of attachment to the 
specimen, so that when elongation occurs the 
right-hand swinging rod moves away from the 
micrometer twice the amount of the elongation. 
This extensometer can be used on gauge 
lengths from 2 in. upwards by having sets of 



— This simple and accurate extensometer is 
made by the Cambridge and Paul Instrument 
Co. Ltd., Cambridge, and is especially designed 
for use as a workshop instrument. It is com- 



Fig, 68. 


posed of two separate frames, each of which is 
attached to the test bar M by hard steel conical 
points PP and P'P' arranged in geometric 
slides so that, after the points are gently 
driven into the punch marks, they can be 
clamped in position by the knurled heads 
R, R. The lower frame carries a micro- 
meter screw H and a vertical arm B at 
the top of which is a hardened steel knife 
edge about which the two frames work 
together. The micrometer screw is pro- 
vided with a hardened steel point X over 
which a nickel-plated flexible steel tongue 
A, forming a continuation of the upper 
frame, is carried. The tongue and frame 
form a lever magnifying the extensions 
of the test piece by five. 

In use the vibration of the flexible 
tongue takes the place of the electric 
contact, in the instruments previously 
described, as a delicate means of setting 
the micrometer screw. The steel tongue is 
vibrated and the screw turned until the 
point X just touches the hardened knife 
edge of the tongue as it vibrates. Read- 
ings can be repeated by this means to 
0-001 mm. under ordinary conditions of 
test. The standard instrument is suitable 
for specimens up to f in. diameter on a 
gauge leng-th of 4 or 2 in. 

§ (48) Indicating Dial Instruments. — 
This type of instrument consists of one or 
more calibrated dials with pointers on nicely 
mounted spindles. These take the place of 
the micrometer screws in the previous class 
of extensometers, and are self-indicating 
for large or small deformations. They are 
generally used in conjunction with some 
form of lever magnification. 


rods for those gauge lengths which are required. Messrs. T. Olsen supply a dial extenso- 
Elongations of O-OOOl in. can be easily read, meter of exactly the same form as Henning’s 
and electric contacts can be employed with extensometer (§ (45)) except that dials and 
the instrument. ' sliding rods replace the micrometer screws, 

(iii.) The Cambridge Extensometer [Fig. 68). The sliding rods are attached to the lower 
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frame in place of the micrometer screws, and 
spindles, oaiTying drums and pointers, are 
fixed to the upper frame 'v^ith their axes 
horizontal. These take the place of the plugs 
g, g {Fig. 64). The friction of the sliding rods 
against the small drums (1 in. in circumference) 
cause the latter to rotate. This also rotates 
the spindles and pointers round calibrated 
discs. 

§ (49) Dial Exteksometers with Mechani- 
cal Magnipicatioi^. (i.) Univ^.rsity of Ikif?- 
coiisiti Wirewoiuid Extenaometer .'^ — This has 
one dial attached to the upper frame which 
is operated by a \vire arranged to transmit 
twice the extension of the test piece to the 
dial drum. 

(ii.) Hurst-Tomlin-son Eccteiisoineter [Com- 
bined Lever and Dial), Fig. 69. — This instru- 



i iG. 69. 


ment has been especially designed for use on 
the standard test piece (0-504 in. diameter and 
2 in. gauge length) ; it can he used, however, on 
specimens up to one inch in diameter. The 
gauge length of 2 in. is not adjustable, hut the 
instrument can he attached to specimens of 
greater length than this if required. It is 
provided with two forked levers, A and B, 
fitted at the fork with pointed clamping 
screws which, when tightened on to the test 
piece, form the pivots of the levers. 

The dial indicator 0 is attached to one end 
of the upper lever, and the other end, beyond 
the test piece, has a stout vertical lug D ex- 
tending downwards from one extremity of the 
fork nearly to the level of the lower lever. 
Here the lug bends inwards, and one arm E 
of the fork of the lower lever extends inwards 
in the same way. 

The two levers arc connected by a short 


^ See Jolmsoii’a I\Iatcruds 
p. 81. 


of Construction, 


1918, 


length of piano wnre which lies iu the central 
vertical plane of the two levers. 

This forms an elastic hinge, so that as the 
test piece stretches the free ends of the levers 
open away from one another. 

This method of connecting the lovers also 
permits the test piece to straighten out 
slightly under the load, if originally slightly 
bent, without straining the extonsomoter. 

The lower lever is shorter than t ho up]ior one, 
and it carries at the free end a short vcj’tical 
screw E with a large mil led head. 

The end of the screw is rr^unded and polished, 
and hears on the end of the shorter arm of a 
third lever G which is attached by a short 
length of flexible steel ribbon to a bracket 
which is screwed and dowollod to the uj)pcr 
main lever. 

The end of the longer arm of this third lever 
hears upwards on the end of the plunger of the 
dial inchcator. 

Thc system of levers is proportioned so that 
the movement transmitted to the iiidi(!ator is 
ten times the extension of the lest: pi(‘,cc. 

By turning the milled liead of the Mer(w K 
the dial indicator can be brought to zero before 
the load is applied ; a light spring maintains 
the end of the small lover in cioritact with the 
point of the .screw. While the cxtoiiso motor is 
being attached it is neoesHary for tlu^ two main 
levers to ho rigidly locked, with t.ho juxis of the 
clamping points parallel and at a distanco of 
1 2 in. apart. 

I This is accomplished by inserting two 
locking pins, one <^f which oon.stralns the axt^s 
to bo parallel while the other fixes tlu^ distanco 
between them. 

The first pin is placed iu tlu^ samci horizontal 
piano as the wire hinge, and iis axis iui,er(5e])lH 
the centre of the wire so that tlu^ inH(uiioii of 
this pin loaves the lovor.s oidy one (U'gnn) of 
freedom. 

The second pin correctly fixes the relative 
positions of tho two lovers. 

Ill order to ensure that tho clamping fioiuts 
shall grip the tost xuoee along a diauudor a.nd 
not along a shorter chord, two stu’cnvH an) 
placed in tho forked part of each lev(\r iiieliiUMl 
at about 45°. 

The axis of those screws iutore('[)t f-ho axis 
of the test piece and the ends are rounded to 
hoar at points on tho tost piece. 

Tho usual diameter of tho rediuii'd part of 
tho tost pieco is 0-5(>4 in., which giv(‘s a eross- 
.soctional area of 0*25 sq. in., and the hnjgth 
of tho screws is such that wlum just tight the 
ends are 0-282 in. away from the vertical 
piano through the clamping points. 

When attaching tlio extonsomoter it is 
simply held up against tho tost piece hearing 
on tho ondsof thofour screws, and thoc.Iamping 
screws ai’c tightened and Hie (loints piere.e Hie 
tost piece along two diameters. Tho oxf.enso- 
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meter is thus a self-contained marldng-out jig. 
As soon as the instrument is fixed to the test 
piece the four screws are just slightly slackened 
so that they are just clear -while the test is 
being made. 

One division on the indicator corresponds 
to an extension of 0-0001 in. and, by esti- 
mating, the extension can be readily measured 
to the nearest 0-00002 in. This instrument 
is made by Charles W. Cook, Ltd., Man- 
chester. 

(iii.) Biehle Dial Extensometer, — A similar 
type of dial extensometer is supplied by 
Messrs. Riehle Bros. Testing Machine Co. 
The instrument itself is not quite so elaborate, 



and requires a special marking-off block which 
forms part of the outfit. 

(iv.) Berry Strain Gauge'^ (Combined Lever 
a7id Dial). — This instrument measures the 
deformation on the surface of the test bar or 
structure and in principle is a pair of beam 
compasses, one point of which is fiixed to the 
frame of the instrument and the other operat- 
ing an Ames Dial through a ,five to one bell- 
crank lever. The points of the instrument are 
placed in the gauge marks and an alteration 
in the gauge length is shown on the Ames 
Dial. 

§ (50) Miceoscope Reading Extbnso- 
METERS. (Cathetometers.) — With this type 
of instrument the distance between fine 
scratches on the test piece is measured by 
sighting with a microscope on the two scratches, 
and reading off the distance the microscope has 
been moved along the slide to which it is fixed- 

^ Bngineering Becordt Juno 11, 1010* 


The determination of elongations by this 
method is a lengthy process, and except for 
special purposes it has been abandoned. 

Fig. 70 shows an arrangement of two micro- 
scopes which is convenient for measuring the 
extensions of stranded cables. Microscope 
A has ordinary cross wires while microscope 
B is fitted with a micro- 
meter eyepiece. Both in- 
struments are attached 
to a bar C which can be 
moved vertically by the 
screw D. Both microscopes 
are focussed on scratches 
on the test piece and the 
load applied. By means 
of the screw D the cross 
wire of the top microscope 
A is made to coincide again 






OB 


d: 


3 


Fig. 71. 


with the top scratch, while 
the adjustable cross wire 
is moved in the second 
microscope to the new 
position of the bottom 
scratch. The movement of this cross wire in 
the calibrated micrometer eyepiece gives the 
extension. 

§ (51) Combined Microscope and Levee 
Extensometer. Ewing Extenso^neter.^ — This 
instrument has been used for a great deal 
of the scientific work in this country. It is 
shown diagrammatically in Fig. 71, and in its 
latest form in Fig. 72. The two clips, B and 
C, are each attached to 
the test piece A by two 
pointed screws. Clip B 
carries the vertical pro- 
jection B' (Fig. 71) ter- 
minating in a rounded 
point P, which engages 
with a conical hole in 0. 
The pieces B and B' are 
joined to one another in 
such a way that the 
test piece may twist a 
little with- 
'out afiect- 
ing the en- 
gagement 
jOf P with 

C. When the test piece extends, P serves as 
a fulcrum for the clip C, and point Q is 
displaced through a distance equal to twice 
the extension. This displacement is measured 
by a microscope attached to B, sighting on a 
mark on the rod R hanging from the point 
Q on the upper clip. The readings are taken 
from a micrometer scale in the eyepiece of 



* Boy . Soc . Trot ., 1895, Iviii. 123. 
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th.© microscope. The screw (L, Fig. 72) serves 
to bring the sighted mark to a convenient 
point on the micrometer scale and also 
determines the scale readings which can be 
estimated to 0-00002 in. A clamping bar is 
added by which the clips B and C are held at 
the correct distance when fixing them on the 
test piece. This extensometer is made by 
Messrs. The Cambridge & Paul Instrument 
Company for gauge lengths of 2 and 8 in. and 
10 and 20 centimetres. 

An apparatus for marking oS the gauge 



Pig. 72a. 


points {Fig. 72a) is supplied with the instru- 
ment. 

§ (52) Mtjltiplying Lever Extensometers. 
— (L) Kennedy^ designed a simple lever (lever- 
age 100 to 1) extensometer clipped to the test 
bar at two points. 

Martens’s ^ lever extensometer is a modifica- 
tion of the Keimedy instrument, and is 
arranged to take simultaneous readings on 
two opposite sides of the specimen. It is 
shown diagrammatically in Fig. 73, and 
consists of two clips D, D carrying the 
graduated scales C, C, and held on opposite 
sides of the specimen by a spring S. Diamond- 
shaped pieces A, A, to which the arms B, B 
are attached, are pivoted in shallow seats 
formed in the clips D, D. With a magnifica- 
tion of fifty, readings can easily be made to 
0-002 mm. 

(ii.) Kennedy's^ horizontal extensometer is 
gripped on the bar at four points in an axial 
plane and consists of two frames, one fixed to 
each gauge mark, which rest on each other 
over the points of attachment to the test bar. 
A light pointer is provided with two steel 
points, one resting on each frame. When the 
test bar elongates the two points move 
relatively to each other in an axial direction, 
and this movement is magnified by the end 
of the pointer which travels over a scale 
carried by a rod attached to one of the 
frames. 

Other instruments of this type have been 
designed by Stromeyer,'^ Goodman,^ Wick- 

^ Inst. Cii'. Eng. Proc. Ixxiv., also Ixxxviii. 24. 

“ Handbook of Testing, i. 7)40, 

^ Engineering, Sept. 12, 1890, 

* Inst. Naval Architects, Tmns., 1880, p. 33, “ A 
Strain Indicator for Use at Sea.” 

® Enginming, Sept. 13, 1890. 


steed,® Ashcroft,’ Ool. W. H. Paine, ^ and 
Dupuy.® 

§ (53) Optical MACNiPYrnc Extensometer. 
— For greater accuracy than 0-00002 in. in 
measuring deformations sonic form of optical 
lever is generally employed in which the 
change of length of the test piece is converted 
into rotary motion of a mirror which is observed 
by means of a telescope and scale. Some 
extensometers employ two mirrors in which 
readings are obtained from o])posito sides of 
the test bar, while in others the moan extension 



is measured by the reading from a single 
mirror. 

(i.) Two Mirror Apparatus. BavschingcFs 
InstrummO ^ — Tke introduction of mirror <vx- 
tensometers is principally duo to Jhuischingoi’, 
who designed tho instrument shown in Fig. 74. 

® Inst. Mock. Eng. Proc., 1904, p. 485. 

’ Discussion on Clnwin’s papiir on " Tensik^ 
Tests on Mild Stool,” Inst. Civ. Eng. Proc. xlv. 
266. 

® Martons’s Handbook of I'csting, p. 545. 

“ Annales des Ponts et Chaussdes, 5th si'ricss, xlv. 
381. 

MascMne. zim Prilfen der Festigkeit dvr 
Matermlim construirt ran Ludwig Werder, md 
histrumente zum Messen der Cestaltsverdndenong der 
Probelciirper, construirt von Jon. Hauschinger, Mlliichon, 
1882. 
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Two clips, a, a, and 6, 6, are pressed against 
the specimen : c, c are light springs which 
press outwards against the rollers d. These 
rollers, which are of caoutchouc, are carried 



Fig. 74. 


by the clip 6, 6, and themselves carry the 
mirrors g, g. As the specimen extends the 
roUers rotate, and these rotations are measured 
by means of the telescopes E, E and scales 
/, /. The results are recorded to 0-0001 mm. 

(ii.) Martens's Mirror Uxtensometer . — This is 
an improvement of Bauschinger’s instrument 
and is shown in Fig. 16. It is extremely 
accurate and sensitive and is most adaptable. 
In this arrangement the multiplying levers of 
Martens’s lever extensometer {Fig. 73) are 
replaced by small mirrors (??z, m. Fig. 16) 
which are attached to the rhombic-shaped 
pieces of steel acting as fulcra, in such a way 
that the reflecting surface of each mirror is 
on the axis of the fulcrum. The two clips 
dy d are held on opposite sides of the specimen 
by a spring 5 which rests in grooves c, c. 
Each clip is pointed at one end which is gripped 
directly on the test bar, while the other end 
has the rhombic piece interposed between it 
and the bar. The mirror is mounted in a 
frame by means of pivots centred in small 


holes drilled in the glass. In order to adjust 
the nosition of the mirror the frame is free 




to revolve on the axis of the rhomb. An 
adjusting screw b and spring p are placed 
on opposite sides of the mirror to control its 




Scale 

1 Q1 234 5 679 9 70!n 
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position about an axis at right angles to that 
of the rhomb. 

A pointer Q is attached to the rhomb and 
arranged so that, when it coincides with a 


Cross Wire 



Slit for Fefleation^^^K^^^ Slit for Reflection 
from Left Hand Mirror I from Right Hand Mirror 


J^IG. 77. 

mark on the clip d, the instrument is set at 
the proper gauge length. 

Extension of the test piece rotates the 
rhombs, and the angular rotation is measured 
by a scale and telescopes as described for 
Bauschinger’s extensometer. Two readings 
are necessary, one for each rhomb, and two 
telescopes are usually employed. 

At the N.P.L. a “ one telescope ” arrange- 
ment has been in use for some years with 
complete success. This is shown diagram- 
matically in Fig. 76. 

The telescope T is attached to a support 
S. Immediately under the telescope, and 
attached to the same support, is a xdatform 
P whose height from the ground can be 
quickly adjusted. It can be 
locked in any position by a 
knurled-headed screw A. The 
telescope arrangement is kept 
in contact with the platform by 
means of a spring B, and their 
relative position in a horizontal 
plane can be accurately adjusted by means of 
the pivoted nut and screw C. 

The platform carries an illuminated scale 
D, two fixed mirrors and Mg, and two 
mirrors and No pivoted vertically so that 
their position can be altered by means of the 
screw and spring E. 

The illuminated scale is re- 
flected from one of the “ Martens ” 
rotating mirrors on to the pivoted 
mirror N^ and the angle of this 
is adjusted to bring the reflec- 
tion into the telescojDe by moans 
of the fixed mirror M^. The 
other “ Martens ” mirror is made to reflect 
the illuminated scale on to the pivoted 
mirror N 2 , and this is adjusted to bring the 
reflection into the same telescope. The 
difference between the lengths of the two rays 
is so small that tlie tclescoj^c can, at the same 
time, focus the scales reflected by each of the 
Martens rotating mirrors. Tlie mirrors reflect 
‘‘ghosts,” and these are cut out by inserting 


a mask {Fig. 77) in the eyepiece of the 
telescoi^e, and by having adjustable brass 
shades (R, Fig. 76) fixed in between the 
mirrors on the jflatform and the extensometer. 

The mirrors used must be absolutely flat, 
and great care should bo taken to sec that 
they arc not distorted when they arc clamped 
in position. 

A curved scale should be used, but readings 
can be taken on a straight scale and a 
correction applied. The illuminated scale is 
graduated in millimetres and readings of the 
scale can be estimated to 0*1 mm. 

If Z = the width of the rhombs, 

L= distance from the scale to the axis of 
the test j)ioco, 

a; = extension of the tost })iooe, 

X = sum of the readings from the two 
Martens mirrors. 
a-/X=Z/4L. 

Usual values of I and L arc 0*180 in. and 



Fig. 78. 

45*0 in. respectively. If X is moasurcid in 
millimetres wo have 


IxX 0-18xX 


■0*001 X X milliinotrcw. 


4 X L 45 X 4 
By providing suitable clij)s this oxtouso- 
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meter can be used on gauge lengths from one 
inch upwards and mth test pieces from 0-03 
to 0-8 in. diameter. 

An instrument using Martens’s method but 
of slightly different design to that shown in 
Fig. 76 is supplied by Messrs, Alfred J. Amsler 
& Co., Schaffhausen. 

(iih) Westinghouse Wire Testing Extensometer. 
— This instrument, designed by Lynch & Brace ^ 
for extensometer tests on small sections such 
as wire, ribbon, etc., is shown in Fig. 78. It 
consists of two clips A^ and A 2 , fastened at 
one end to a slotted block B, while the free 




ends carry hardened rollers, and which 
can turn in pivot bearings. 

One end of the instrument is clamped to 
the test piece between the spring G and the 
block B, and the rollers and Cg are sprung 
apart to take the test piece at the other end. 
Plane mirrors are attached to the rollers, 
which are arranged so that a spot of light 
from a lamp D is reflected from the mirror 
Cl to mirror Co, and thence to the curved 
scale P. 

With this extensometer increases of length 
of 0-00002 in. can be measured. 

(iv.) Single Mirror Apparatus. MorroiFs Ex- 
tensoineter .'^ — This instrument is a combination 
of Ewing’s lever arrangement for making the 
extensometer indicate the mean strain, with 
a mirror method of measuring that strain. 

^ “ Wire Testing Extensometer,” Troc. Amer. Soc. 
Test. Mat, 1919, xix. part ii. p. 696. 

^ Inst. Mech. Eng. Proc., 1904, ii. 469. 


It is shown diagrammatically in Fig. 79. 
The attachment to the test piece T is by 
four set screws AA and BB. AA serves 
as a fulcrum for the top annular ring C, and 
when the test piece extends, the movement 
between C and E (which is an extension of 
the bottom ring B) is approximately twice 
the extension. So far the principle is the 
same as that of the Ewing extensometer, 
but whereas Ewing measures this extension 
by a micrometer microscope. Morrow uses a 
‘‘ Martens ” rhomb H to which a mirror N 
is attached in a vertical position. 

A second mirror M is permanently fixed 
to F. The images of the scale from both 
mirrors are seen side by side in the telescope. 
An index mark is taken on the image of M 
for reading the movement of N. By this 
means allowance is made for any movement 
of the test piece and extensometer, as a whole, 
relative to the position of the telescope. 

With the instrument as used by Morrow the 
extension of the specimen is obtained to the 
nearest of an inch. 

Other single mirror extensometers have 



'Em. 80. 


j been designed by Unwin,® Martens,^ and 
Hartig.® 

§ (54) CoMPBESSOMETERS. — Most instru- 
ments used for tensile experiments can also 
be used as compressometers provided that 
the test piece is of sufficient length to take 
them. It is, however, often necessary to 
modify the method of attachment. The 
conditions applicable to the use of extenso- 
meters (§ (43)) apply, with just as much force, 
to compressometers. 

The Yale extensometer (§ (45)), using double 
micrometer screws, and the Wisconsin (§ (49)) 
dial extensometer are both used in the U.S.A. 
for compression tests by a suitable modification 
of the clamps. 

Ewing’s compressometer for short blocks 
{Fig. 80) is on the same principle as that 
used for tension tests. The mechanical 
multiplication is, however, increased to five 
times, enabling readings of of 

to be obtained. 

Martens’s mirror arrangement {Fig. 75) has 
been used by the author as a compresso- 
meter on diameters up to 4J-in. by providing 
additional springs S to hold the clips on to 
the larger size of test piece. 

Unwin ® has designed an instrument for 
short blocks- combining lever and microscope. 

= Phys. Sofi. Proc., 1886, viii. 178. 

* Handbook of Testing, part i. p. 590. 

® CivUingenieur, 1893, part vi. 

* Testing MateriaU of Construction, 1910, p. 231. 
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This instrument is shown diagrammatically 
in Fig. 81. The lever L^, having a knife 
edge resting on the pillar P, gives a mechanical 
magnification of 2-^. The frame L, is fixed 
to the specimen by four screws, and both 
frame Lg and lever carry silver plates 
on their ends having a fine scratch on each. 
The distance between these scratches is 



meaisured by the micrometer microscope M. 
Alterations of this distance with load give 
the compressive strain as the mean of that on 
the two sides of the block. 

§ (55) Torsional Strain Indicators. — For 
measuring elastic deformations in torsion, in 
order to determine the coefficient of rigidity, 
accurate observations are necessary. All 
instruments for this purpose should be 
independently fixed on the bar with a definite 
gauge length. 

Where a high degree of accuracy is not 
essential, a convenient and simple method is 
to clamp two long pointers on to the specimen 


the vernier and for any change of length of the 
specimen during test. 

(ii.) ColceFs Torquemeter.^ — Tlio torsional 
strain is measured by this indicator on a 
length of 8 in. At one end of the speci- 
men a graduated circular ])lato is attached 
to the gauge mark by three set screws. 
This jfiate carries an arm and vernier 
which can be 
moved round it, 
and to which is 
attached a frame 
carrying a cross- 
wire and a mirror. 
At the other 
gauge mark a 
chuck, also fixed 
by throe sot 
screws, supports 
an arm having a 
micrometer mi- 
croscope attached 
to it. T his 
microscope sights 
on to the cross wire of the vernier plate 
frame. 

When the torque is applied to the test piece 
‘the cross wire moves relatively to the micro- 
scope, and the amount of this movement is 
measured by the micrometer eyopioco to 
about one second of arc. When the strain 
has exceeded the range of the cyo])icco the 
cross wire can be readjusted to zero by moving 
the cross-wire arm round the circular plate by 
means of a tangent screw. 

(iii.) Unwin's Torsion Mioroimt&r ? — This 
instrument acts on the same principle as that 
designed by Coker. There arc, however, one 




at a given distance apart and observe 
their movement over a fixed scale. The 
difference between the readings is a 
measure of the torsional strain. 


Fig. 82. 


(i.) Porter's Torsion Indicator .'^ — In this 
indicator the long pointers of the above 
instrument are replaced by two rings clamped 
to the test piece at a gauge length of 3 in. by 
three set screws. One clamped ring is 
graduated in degrees and carries on it a 
concentric ring engraved with a vernier 
reading to five seconds (jf angle. The vernier 
ring is supported on ball bearings and is 
operated by an arm fixed to the second 
clamped ring. Provision is made for setting 

^ Amer. Soc. Test. Mat. x. 578. 


or two slight difforonoos in detail. With 
Unwin’s method the microscope, attachiul 
to a projection from one clip, sights on to a 
finely divided scale on the other clip at a 
gauge length of 5 in. The micrometer eye- 
piece reads to 0-005 degree. 

(iv.) Mirror Torquemeter . — The method em- 
ployed at the N.P.L.'^ is shown in Fig» 82, and 
consists of two small clij)s, A^ and Ag, each 

“ JHoi/. Soc, Edinburgh Q'rans. xl, partii. ]). 203. 

® Testing MateriaJs of Consiruction, p. 232. 

* Batson, Inst. Mech. Eng. Proc., March 1017 
p. 183. 
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fastened to the test piece by three pointed set neutral axis of the beam. This requirement 
screws C. Attached to these cHps are the is not fulfilled by the lever deflectometer. 
adjustable mirrors and Bg of a Martens (2) The mean deflection should he obtained, 
mirror extensometer. The mirrors are The apparatus should either provide for taking 
arranged, on a gauge length of four inches, so readings on both sides of the test piece or 
that they are in the vertical plane passing automatically give the mean deflection. This 



Fm. 83. 


through the axis of the test piece. The condition is not accomplished by the strained- 
method of measuring the movement of the wire arrangement. 

two mirrors by the use of a single telescope § (57) Apparatus for measuring Lateral 
has already been described (§ (53)). The Strains, (i.) Coker's Lateral Strain-measuring 
difference between the readings from each A^paraius ^ — This instrument is shown dia- 
mirror at small increments of the torque give, grammatically in Fig, 84 and consists of two 
when multiplied by a constant depending on tubular arms A^ and Ag connected by a 
the scale distance, the angle of twist 
for that increment on a length of four 
inches. 

§ (56) Defleotombtbrs, — These in- 
struments are used to measure the 
amount of bending of beams, etc., dur- 
ing a transverse test. 

Commercially a multiplying lever 
deflectometer (Fig. 60) is generally 
employed or a strained-wire arrange- 
ment may be used where large deflec- 
tions are to be measured. This is 
shown in Fig. 83. A fine wire W is 
strained between two pins fixed on the 
neutral axis of the beam above the 
supports and kept taut by a rubber 
band R. This forms a datum line. A 
polished scale S is graduated either 
in mm. or inches and suspended from 
the neutral axis at the centre of the 
beam. The observer brings his eye to such flexible steel plate B which forms the fulcrum, 
a position that the wire and its image in the The steel plate is gripped by two collars CC, 
polished scale coincide, and he then reads the one of which carries an adjustable screw L, 

position of the wire on the scale. which bears on the test piece and keeps the 

For most work an accuracy of 0*001 in. is instrument from turning. The arms are 

usually sufficient. attached to the test piece T by two screws 

The methods described above do not fulfil BI), the pressure on which is provided by the 
some of the essential conditions for accuracy, compression of a spiral spring S on the 
which arc : opposite side of the fulcrum. 

(1) The apparatus should be designed to The arm A 2 has a projection H, the end 
give the relative deflections of points in the 1 noy. Soc. Edinburgh Trans, xxv. part i. p. 462. 
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of ■which is opposite to the arm Aj and is 
arranged to spring towards it, gripping a 
knife edge J. 

Any change in the diameter of the test 
piece causes a relative movement between the 
end of the arm Aj .and the projection H of 
the arm A^. This movement rotates the knife 
edge J, to which a mirror K is attached. 
The rotation of this mirror is observed by a 
telescope and scale and gives a measure of the 
alteration in the diameter of the test piece. 



The scale distance is arranged so that each 
scale di'vision represents 0-000001 in. 

(ii.) Morrow's Instrument for measuring the 
Lateral Co7itraotion of Tie Bars . — This instru- 
ment/ shown diagrammatically in Big. 85, 
also uses optical means of measuring the 
relative displacement of two arms. 

Two arms KK and LL are pivoted at F 
and two screws A and B grip the test piece T 
and are pressed inwards by stiff springs C. 
Alteration in the diameter of the test piece 
causes arm K to faU relatively to the arm L. 
This relative motion is measured by the tilt 


of obtaining the constants of cxtensomctorH, 
compresso meters, etc., are : 

(1) By measurement of the Icvcrago of the 
instrument. In some types of apparatus this 
can be carried out successfully. With the 
Martens mirror oxtensometer the coiustant 
depends on the width of the rliombs and the 
scale distance. The former can bo determined 
by an accurate measuring machine, and the 
latter is usually adjusted by setting the sc^alo 
distance from tlie test piece by means of a 
gauge of known length. 

(2) By test on a steel test pieoo whoso 
elastic constants have been accurately det><ir- 
miued. The test piece is gripped in tlio 
testing machine in such a way that the stix'ss 
is distributed in the proj)er manner and 
readings of tho a])paratiis whieli is to bo 
calibrated taken at dcliniio increments of tho 
load. Tlies© readings are then oompanHl with 
those calculated from tho known clastic, con- 
stants. If possible, a standardise', d apparatus is 
attached to tho test piece at tho sanu^ time 
as the one whose constauis arc unknown and 
a direct comparison made. 

(3) By a calibrating instrument. An instru- 
ment used by tlie author is shown in Fig. 
and consists of a stand 1) carrying two 
arms and Eg. Those arms are movable 
along a feather on tho stand so that tlu'ir 
position can bo adjusted. They are bored 
accurately in lino to take two rods A and B. 



of a mirror M which is supported on three 
points, two of which rest on arm L and one 
on arm K. A vertical mirror, not shown, 
is also fixed to L at the side of the tilting 
mirror M and serves as an index for that 
mirror, thus eliminating any errors due to the 
instrument moving relatively to the observing 
telescope. The instrument is balanced by a 
weiglit W. 

§ (58) Oaubration of Beformation- 
MEA-soRiNG APPARATUS. — Tlic usual mctliods 
^ Morrow, Phil. Mag., 1903, vi. 417, 


B is fixed, but A can bo moved up 
and down by a niicronioior licad (j. A 
also works along a feather which provoutB 
rotation. 

The a^Dparatus to bo calibrated is attached 
to A and B and its readings cc>mf)ared with 
tho movement of the micromotor head. U'ho 
pitch of tho micrometer screw is ()*()25 in. 
find the head i,s divided into 25 ])ariH so that 
one division of tho head (about J in. long) 
corresponds to a movement of O-OOl in. 

It is ossontial that the desired reading 
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should always be approached in the same direc- 
tion in order to eliminate any backlash in 
the screw. As the accuracy of the calibration 
depends upon the accuracy of the screw, this 
has been determined on a screw -measuring 
machine and a correction curve obtained 
for it. 

§ (59) Autographic Recordikg Apparatus. 
— The deformation co-ordinate of the curve is 
always recorded directly from the test piece 
itself, usually with some form of multiplication. 
The main difference in the various types of 
recorders is in the method of obtaining the 
load co-ordinate. There are two principal ways 
in which this is done : 

(i.) Load recorded by the movement of the 
counterpoise with or without automatic 
adjustment. 

(ii.) Load co - ordinate obtained by the 
deformation of a calibrated spring. 

The early diagramming apparatuses were 
applied to pendulum machines. Thurston, in 
1876, designed the torsion test apparatus 
described in § (10), and, m 1877, Abbott con- 
structed a recorder adapted to a machine in 
which the pull from a hydraulic press is 
transmitted through the test piece to a pen- 
dulum, the angular rise of which gives a | 
measure of the load. An improved apparatus 
of the same kind was used by Pohlmeyer in 
1882, and more recently by the N.P.L. for 
tests of copper and bronze wires fully described 
in the British Engineering Standards Asso- 
ciation Report, No. 55. 

§ (60) Autographic Apparatus, record- 
iNG Position op Counterpoise. — In 
machines having a moving coxinterpoise the 
load co-ordinate is obtained from the posi- 
tion of the counterpoise on the beam by 
moving a drum or pencil, by suitable pulleys 
or gearing, from the shaft or screw which 
drives the counterpoise. The beam is usually 
kept floating by moving the poise by hand 
adjustment. By this means, however, the 
reduction of load at the yield point cannot be 
obtained and the final reduction, when the 
test x)iece is stretching locally, is only imper- 
fectly reproduced. 

liiehle Autogra])hic and Autoynatic Ap- 
paratus, — In some American machines an 
autographic apjiaratus is provided having an 
automatic weighing device. This device is 
designed to move the i)oise on the beam auto- 
matically to balance the load on the specimen. 
In the Hiehle machine the scale beam on 
rising or falling completes an electric circuit 
at the top or bottom stop in the beam stand. 
Each circuit is separate and connected to a 
magnet. 

The driving pulley of the machine turns a 
horizontal shaft which has a cast-iron disc 
on its end. This disc in turn drives one* of 
two fibre wheels located equidistant on either 


side of the centre of the disc. Each fibre 
wheel has an armature controlled by one of 
the magnets of the electric circuits mentioned 
above. Thus when the beam rises and com- 
pletes the top circuit, one of the magnets 
attracts its armature, causing one of the fibre 
wheels to engage with the cast-iron disc and 
drive the poise along the beam and so balance 
the load. When the beam drops and hits the 
lower contact, the armature of the other fibre 
wheel is attracted by its magnet, which brings 
this fibre wheel on to the cast-iron disc and 
drives the poise in the opposite direction. 

The screw which drives the poise also, 
through gearing, drives the recording pencil 
axiaUy along the drum, so that the reading 
of the load, which is recorded, corresponds 
directly to the load weighed. 

The other ordinate is obtained by the drum 
revolving proportionally to the deformation. 

“ Fingers ” rest on top of U clamps fastened 
to the specimen by hardened steel-pointed set 
screws at the correct gauge distance. The 
lower “ finger ” moves dovmwards as the test 
piece extends and by means of a rack and 
pinion converts this motion into a rotary one 
revolving the drum through mitre wheels. 
The actual extension is magnified five times. 
The fingers are so arranged with clamps on ’ 
telescopic tubing that only the extension 
between the U clamps is recorded on the 
diagram. 

§ (61) Autographic Apparatus using a 
Calibrated Spring. — ( i.) This method is used 
in two Wicksteed recorders. In the earlier 
apparatus ^ the measurement of the stress is 
entirely independent of the position of the poise 
on the beam, but is taken as being proportional 
to the compression of a helical spring acted upon 
by an auxiliary plunger operated by hydraulic 
pressure from the straining cylinder of the 
testing machine. As the load is apphed by the 
straining cylinder it is balanced by running 
the f>oise along the beam, and the hydraulic 
pressure in both the straining cylinder and 
the auxiliary cylinder increases. The auxiliary 
plunger therefore compresses the spring, and 
the amount of the movement of the spring is 
recorded by a pencil on the recording paper 
in a direction parallel to the axis of the drum. 
The drum is also given a rotation propor- 
tional to the extension of the test piece and 
an automatic diagram is thus drawn. 

The auxiliary plunger is rotated during the 
test in order to ehminate the friction as far as 
possible. The yield and maximum loads are 
noted from the position of the counterpoise, 
in order to fix the load scale of the diagram. 

(ii.) The Buckton Wicksteed Patent Spring 
Balanced Recorder is entirely automatic, the 
variations in the resistance of the specimen 
are accurately recorded. The action of 

^ Wicksteed, Inst, Meek. Eng. Proc., 1886, p. 27. 
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tke recorder is shown diagrammatically in 
Fig. 87. The counterpoise W is placed 
at the end of its travel, thus extending the 
spring S. As the load W is applied to 
the test piece an equivalent load is released 
from the spring S, whioh therefore contracts. 
The amount of this reduction in length 
is proportional to the load on the test piece 
and is registered on the recording drum R 
by means of a cord C passing over fixed 
pulleys and P 2 and attached to the 
pencil D of the apparatus. 

The load is thus recorded axially, and the 
drum is rotated by the movement of the lower 

Attached to Beam--^(o)Z 
Support 

Testing Machine Beam 


Chain which 
rotates Drum (n) 
as test piece extends 


in series with a stronger bar ‘ B/ called a 
spring-piece, and the two, winch are connected 
directly by a siinj)le cou])Iing, arc pulled 
simultaneously, the one through the other. 
The spring-piece is of a material such that its 
limit of elasticity occurs only at a load greater 
than that which will break the test piece. It 

I must also bo of 
I material ascor- 

tained by previous 
Post experiment to bo 
perfectly elastic, 
so that its oxton- 
sion is strictly 
^ proportional to 

the pull on it, and 
therefore to tho 
pull on tho test- 
bar. By a simple 
arrange meat a 

€ ^ very light pointer 

" '"TT ■ made to 

W Cj swing about an 

(Counterpoise) TT axis througli an 

angle prof)ortion- 
I ato to tho (uten- 

sion of tho spring- 
' ^ pie(^o, and propor- 
tional therefore to 
the pull ou tho 
tosl-bar. Tho end 
of this [xu’ntor in 
its motion always 
toticihos a sIuH^t 


W 

(Counterpoise) 


pulling head relatively to that of the upper 
shackle, to give the deformation co-ordinate. 
As the deformation is not communicated from 
a fixed gauge length of the test piece, it includes 
movement in the grips and cannot be taken 
as the extension of the specimen. 

(iii,) Moore's Autographic Recorder is very 
similar in action to the Wicksteed spring re- 
corder just described, the only difference being 
that the spring is placed on the other side of 
the principal knife edge so that when the poise 
is run out the spring is compressed. As the 
load is api^lied to the specimen an equivalent 
load is released from the spring, which elon- 
gates until equilibrium is established. Moore 
used a steam-engine indicator ; the spring of 
the indicator is attached to the beam of the 
testing machine to give the load co-ordinate, 
and the cord of the indicator is attached to 
the test piece to record the extension. 

(iv.) Kennedy- Ashcroft Recorder^ ^8). 
— Full details of this recorder are given in 
Kennedy’s paper to the Institution of Civil 
Engineers, and the following description of the 
principle of the apparatus is also taken from 
that paper : 

‘‘ The test piece ‘ a ’ is placed in the machine 

^ Rroc. Amer. Soc. Test. Mat., 1908, viii. 653. 

® Inst. Civ. Eng. Proc., 1886-87, p. 31. 


of smoked glass ‘ df to wliicdi is giv(ui a 
travel — ^in its own piano — [)i’oporti()nal to tho 
extension of the test piece, and in this way 
tho diagram is drawn. By an ar’rangtunont 
of diJfCorential lovers it is aHHui*(Hl tliat tins 
motion of tho glass dependH soU^ly on tho 
extension between tho marked ])olntH on the 
test-bar, so that no amount of oxtonsit)!! of 
the coupling, in tho onds of tlu^ tost pio('.(\ or 
in any other part of tlio apparatus, (^an rnov(^ 
the glass. The a])paratuR is also so arrangcnl 
that tho absolute elongation of tlu^ Hpdiig- 



Fig. 88. 


piece does not cause any motion of tli<^ pointen* 
relatively to the glass.” 

(y.) Dalby's Optical Jtecorder.^- Aim ap- 
paratus is shown diagrammatically in Fig. 89. 
It is similar to tho Kennedy-Ashcrofi r(^cor(l(w 
in that the load is obtained from tho (^xt<msi()nH 
of a bar acting as a very stilT spring, but 
whereas Kennedy uses inocbani(iaI moaiis of 
increasing and transferring tlnwo oxtemsionH 

® Roy. Soc. Proc., 1012, Ixxxvi.A, and 11)13, 
Ixxxviii.A. 




ELASTIC CONSTANTS 


171 


to the diagram, Dalby adopts an optical 
method and thus obviates the possibility of 
inertia errors. 

The spring-piece W, seen in Fig, 90, is 
hollow and is connected at its upper end to 
the shackle A of the testing machine. A 



projection through the shackle is mounted in 
a light-tight box B. The ray from a point of 
light Z is reflected by a fixed mirror Q on 
to a concave mirror M, which again reflects 
it on to a third mirror N and thence to a 
photographic plate at F, where it is accurately 
focussed. 

The mirror M is supported on three points; 
two of those, about which the mirror can tilt, 
arc in contact with the hollow spring-bar, 
while the third rests on a cup on the top of 
the central rod T. Any stretch of the spring- 
bar W will cause it to move relatively to the 
central rod T and thxis tilt the mirror M. 
This tilt will cause the point P to move 
horizontally across the photographic plate, 
a distance of 340 times the stretch of the bar. 

The mirror N is rotated by the linkwork 
G, L, V, G proportionally to the stretch of 
the test ])ieco between the gauge length p/, 
and this movement displaces the point “ P ” 
vertically up and down on the photographic 
plate. The point of light therefore traces on 
the plate a stress-strain diagram of the test 


made. After development the relation be- 
tween load and extension can he measured 
from the plate with great accuracy. 

V. Determination’ op the Elastic 
Constants 

The complete load - extension diagram is 
drawn by means of some form of autographic 
diagram apparatus, but for the accurate deter- 
mination of the elastic limit and modulus of 
elasticity it is necessary to determine ’vdth 
extreme accuracy the deformations produced 
by small loads. 

§ (62) The Elastic Limit. — The elastic limits 
in tension and compression obtained from stress 
strain curves on the first loading of a piece of 
material such as steel are not constant for the 
material but depend upon the previous treat- 
ment that the material has undergone. They 
are called the “ primitive ” elastic limits to 
distinguish them from the “ natural ” elastic 
limits set up in the material when it is sub- 
jected to a few alternations of stress. 



The definition of the elastic limit which has 
been standardised by the British Engineering 
Standards Association, and is commonly 
accepted in this country, is that it is the 
least stress at which Hooke’s Law ceases to 
be exact. It is sometimes called the limit of 
proportionality or the “ P ” Limit. 

With some materials there is a deviation from 
Hooke’s Law, and a lack of proportionality 
between stress and strain, even for values of 
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the stress so small that when it is removed 
the material regains its original dimensions 
{i.e. that there is no permanent set). Hence 
the elastic limit is occasionally defined as the 
maximum stress below which the material 
would fully recover its form upon removal of 
the load. This msuj be called the “ R ” limit. 
With most materials the two definitions give 
substantially the same results, they both re- 
quire dehcate extensometers for their deter- 
mination, but the method of procedure during 
the test is slightly different. 

In the first case extensometer readings are 
taken with gradually increasing loads and the 
results plotted as a load extension diagram. 
The point at which there is a deviation from 
Hooke’s Law is easily located, and the Modulus 
of Elasticity can be calculated from the slope 
of the elastic fine. The increments of load 
taken are usually about 3^-5 of the estimated 
value of the “ P ” Limit, and if the value of 



the “ p ” limit is known to a first approxima- 
tion, the increments are made smaller in the 
neighbourhood of that value and until the test 
is completed. 

The following measurements {Table 21) are 
taken from a specimen machined from a piece 
of boiler plate and show how the “ P ” limit 
and the modulus of elasticity can be calculated. 

The results are plotted in Fig. 91 and show 
that the hmit of proportionaUty is at 16 tons 
per square inch. 

From the elastic Line it can be seen that at 
a stress of 13*3 tons per square inch the ex- 
tensometer reading is 254 ; this is equivalent 
to an extension of 0*001 in. on 1*0 in. 

The strain is therefore 0*001 and the modulus 

of _ 13*3/0*001. 

= 13300 tons/sq. in. 

= 29*8 X 10^ lbs. per sq. in. 

If the readings of the extension and the 
load are knowm to sufficient accuracy, 
the limit of proportionality can be ascertained 
with more precision by calculating the elastic 
extension for the various loads applied, and 
plotting the difference between this and the 


actual extension as ordinates with tho loads 
as abscissae. Ta])le 21 shows this calculation, 
and the results arc plotted in Fig. 92. 

Table 21 

Extensometer Test on Boiler I^late 


Diameter of test piece = 0-375 in. ; (froHS-scctional 
area. =0*1104 sq. in. Extensions mcasurod on 
a 1-inch gauge length by a mirror oxt(‘nHometer. 


Stress in 
Tons per 
Sq. In. 

Extension 
Beadings^ on a 
1 " Gauge Lengfli. 

A. 

Calculated 

Elastic 

Extension.’" 

B. 

Permanent 

Set,."' 

A-B. 

0-00 

0 

0 

0 

0-44 

8 

8 

0 

0*89 

15 

J7 

— 2 

1-33 

27 

26 

1 

1-78 

35 

34 

1 

2-23 

41 

4,1 

0 

2*68 

50 

51 

- 1 

3*13 

57 

59 

_ *■> 

3*57 

67 

68 

- 1, 

4-01 

74 

7() 

o 

4*46 

83 

85 

- 2 

5*35 

101 

102 

- 1 

6*24 

117 

119 

“ ■ 2 

7*14 

134 

136 

2 

8*03 

150 

153 

... 3 

8*93 

160 

171 

<•> 

9*82 

188 

188 

0 

10-70 

206 

206 

0 

11*59 

221 

223 

““ 2 

12*48 

237 

240 

- 3 

13*38 

253 

257 

- 4 

14*27 

272 

274 

— 2 

15*17 

290 

291 

1 

16*06 

308 

308 

0 

16*93 

330 

325 

5 

17*81 

353 

342 

H 

18*73 

383 

359 

24 

19*62 

461 

376 

85 


I unit = 1/254,000 in.; i.e. 10 1 nnll,H. - ()•() IHl in. 
Losults of tests : 

Elastic limit” 10-0 tona/aq. in. 

Yield stress-- 20-2 tons/sci. in. 
tJltimato stress ” 284)4 tons/mi. in. 
Modulus of elasticity = 29-8 X 10® lbH./s(i. In. 
Extension =30’0 ])or cent. 



It is of first importance that shocks and 
vibrations should be avoided during the appli- 
cation of the load in an extimsometor tost, 
since actions of this kind seriously affect tho 
sensitivity and the accuracy of tho instrument. 
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The second method of procedure, employed 
to determine the “R” limit, is to apply an 
increment of the load and upon its release 
measure the amount of the permanent set, 
if any. The load is then doubled, and the set 
on release again measured. A further increase 
of the load is applied and released, and the 
operation repeated until a well-defined and 
increasing permanent set is obtained. 

The amount of the permanent set is plotted 
against the load and an estimate obtained, 
from the curve, of the point at w'hich the 
material starts to have a permanent set. 
From this reading the “ R ” limit is calculated. 

‘ Results show that the actual location of the 
elastic limit depends on the sensitiveness of 
the apparatus used, low results being obtained 
with instruments of high sensitivity. The 
determination of the “ R ” limit requires con- 
siderable time to carry out, but indicates 
plastic yielding of the material at an early 
point when it is properly asceidained. 

(i.) Elastic Limit hy Change of Tem^perature . — 
Tf a material behaves elastically, increasing load 
produces a cooling of the test piece, but if, 
however, a permanent set is produced, work 
is done in internal friction and the tempera- 
ture of the test piece rises. E. Rasch,^ of 
Gross Lichterfelde, has carried out some ex- 
periments to determine the temperature-load 
curve for materials. For temperature meas- 
urement he uses thermo-couples of iron-con- 
stantan, copper-constantan, or silver-constan- 
tan bound to the test piece. Alterations of 
the temperature are read from the movement 
of a galvanometer. He finds well-defined 
points of inflection in his curves. The loads at 
which these points occur give an elastic limit 
sometimes called the thermal or “ T ” limit. 

(ii.) Effect of Overstrain on Elastic Limit and 
Yield Fomt. — Bauschinger found the effect, on 
the limit of proportionality ^ of overstrain to be 
as follows : 

(1) If the limit of proportionality was ex- 
ceeded but not the yield point, then the former 
is raised even ii the test piece is immediately 
reloaded. 

(2) If the yield point is exceeded, immediate 
reloading gives a lower limit of imoportionality, 
but reloading after a long interval of time may 
give a raised limit of proportionality, James 
Muir “ found that this effect can be accelerated 
by immersion for a few minutes in boiling 
water. 

Bauschinger also found that the effect on 
the yield, point was that if the yield point was 
exceeded, then subsequent reloading gave a 
7 iew yield point raised to the stress to which 
the bar was loaded in the first place. This 
effect occurred oven if the bar was reloaded 
immediately, but if there was an appreciable 

1 Proc. Int, Assoc. Test. Mat.y 1009, Article viia. 

“ Roy. Soc. Phil. Trans., 1900, cxciii. 1. 


interval of time before the reloading the new 
yield point might be higher than the maximum 
stress applied in the first loading. 

§ (63) The Modulus op Elasticity.^ — The 
modulus of elasticity is the number by which 
the amount of any specified stress or component 
of a stress 'within the limits of elasticity must 
be di'vided to find the strain or any stated 
component of the strain which it produces. 

There is a modulus of elasticity in tension, 
compression, and shear. 

The modulus of elasticity in tension, denoted 
by E, is sometimes called the modulus of 
direct elasticity, or Young’s modulus. The 
value in compression is generally the same as 
that in tension. 

The modulus of elasticity in shear, denoted 
by C, is called the modulus of transverse 
elasticity, or the modulus of rigidity. 

The moduli C and E are connected by 
the equation 



■where 0 - = Poisson’s ratio. 

There is also a volumetric modulus of 
elasticity, sometimes called modulus of elas- 
ticity of bulk or modulus of cubic compressi- 
bility and denoted by K= It is the number by 
which the stress upon the exterior of the sub- 
stance must be di'vided to give the diminution 
in volume or cubical strain. 

If E and C are kno'wn, K can be calculated 
from the formula : 

CE ^ E 

^”90- 3E 3(l-2o-)‘ 

§ (64) MoDTJLtrs OF Direct Elasticity. — 
An example of the method of deter min ing the 
modxilus of direct elasticity (E) is given in 
§ (62). Some materials, e.g. cast iron, mortars, 
and concrete, have no elastic line and therefore 
no definite modulus of direct elasticity. It can, 
however, he considered to be the reciprocal of 
the slope of the stress- strain curve at zero 
stress, but where the curvature near the origin 
is sharp this value of the modulus is of little 
use except as a comparative value of stiffness. 

An example of a stress-strain curve 'with no 
definite elastic line is given in Fig, 93. The 
initial modulus of direct elasticity is obtained 
from the slope of the tangent (OA) to the 
curve at the origin. 

For concrete, an empirical modulus is some- 
times used for design calculations. The value 
is obtained in one of three ways : 

(i.) The “ tangent ” modulus (E^) is obtained 
fr()m the slope of the tangent to the stress- 
strain curve where the ordinate is the working 
stress — 2r5 per cent of the compressive strength 
is usual for the working stress — that is, from 
the tangent 01) (Fig. 93). 

3 See “ Elasticity, Theory of,” § (5), 
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(ii.) The “ secant ” modulus (E^) is obtained 
from the slope of the line OB, where Bft = the 
working stress of the material. 

(iii.) The “ chord ” modulus (E^), determined 
by the ratio of stress to deformation, is given 
by the chord drawn between two points on the 
curve, defined by the limits of stress for w'ork- 
ing loads, i.e. from the chord EF [Fig: 93). 

The tangent and chord methorls give moduli 
of approximately the same value, which are 
higher than the secant modulus. 

Stanton Walker ^ has shown, from a study 
of curves which he obtained from various 
samples, that the stress-strain curve is repre- 
sented by a curve of the t3^e 
S=:Kd^ 

where S =unit stress in concrete, 
d = unit of deformation, 

K — constant depending on strength, 
n—SLTi approximately constant exponent, 

and the relation between modulus of elasticity 
and strength of concrete is 

E=CS»b 

where E= modulus of elasticity, 

C = constant depending on conditions 
of test, 

8= compressive strengtli of concrete, 
m=:an exponent. 

Similar equations were suggested by Bach 
and Morsch.^ 

Fffeci of Overstrain on the Modulm of 
Direct Elasticity . — Tf the limit 
of proportionality is exceeded 
the value of E for steel is 
lowered, in some cases as 
much as 20 per cent. Re- 
covery, however, is efiected 
by rest or immersion in boiling 
water. 

Marshall ® show'ed that if 
steel is initially strained to a 
point within the limit of pro- 
portionality, a second loaing 
may give slightly higher values 
of E. 

§ (65) Values of the Modu- 
lus OF Direct Elasticity 
{Young'' s — For car- 

bon steels the value of E in 
lbs. per square inch varies be- 
tween 28-5 X 106 and 31 x 10®, 
with an average value of 
29-5 X 10®. It is nearly the 
same in tension and compres- 
sion, and is practically in- 
dependent of the carbon content and of the 
heat treatment. 


For low percentage nickel steels (3 to per 
cent) the average value of E is 28-5 x 10® 
lbs. per square inch, while the value of E 
for high percentage nickel steels (30 to 35 



per cent) is low, being about 23 x 10® Iba. per 
square inch. 

With cast iron there is no dofinito jnodulus 
of elasticity. Using a wa)r]ciiig -stress figure of 
10,000 lbs. per square inch, the secant ” 
modulus for cast iron varies from 12 x 10® to 
20 X 10® lbs. per square inch for grey cast iron, 


and from 20 x 10® to 25 x 10® lbs. per .square 
inch for white cast iron. 


Table 22 


Values of the Modulf of liLAsriciTV 


Material. 

Value of E. 
Lbs./Sq. In. 

Value of (5. 
IJ)H./S(1. IC. 

Carbon steels .... 

29,500,000 

1 2,000,000 

Low percentage nickel steels . 

28,500,000 

Il,200,()0() 

Cast iron (grey) 

f 12,000,000 to 
\ 20,000,000 

/ 4,800,000 to 
\ 8, ()()(), 000 

Cast iron (white) 

f 20,000,000 to 
\ 25,000,000 

/ 7, 500, ()()() to 
\9,5()0,0()() 

Copper (rolled) 

15, 000, 000 

5, (500, 000 

Copper (hard drawn wire) 

17, 000, ()()() 

(5,<IO(M)00 

Copper (annealed wire) . 

1(5, 000, 000 

(5,00(M)00 

Aluminium .... 

10,000,000 

3,800,000 

Phosphor bronze 

14,000,000 

5,200,000 

Lead 

2,500,000 

880,000 

Timber (English oak) . 

1,300,000 


„ (Russian fir) 

f 2,500,000 to 
13,000,000 


„ (Christiania spruce) . 

1,500,000 


„ (hemlock) . 

2,500,000 



^ “Modulus of Elasticity of Concrete,” Proc 
Amer. Soc. Test. Mat, iniO, xix. .^IS. 

- Goodrich, Concrete Steel Construction (translatioi 
of Morsch’s J)er Jiisenhetonbau). 

Amer. Soc. Civ. Bng. Trans, xvii. 62. 


Further values of E are given in Table 22, 

§ (66) Modulus of Transverse Elas- 
ticity, OR Modulus of KrcuDiTY ( C ). — (Idio 
easiest method of determining the value of 0 
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is by means of a torsion test. The strain is 
measured by some form of torquemeter such 
as is described in § (55). 

A stress-strain diagram is drawn in the same 
way as for direct stress but having torsional 
stress as abscissa and torsional strain as or- 
dinate. The value of C is then calculated from 
the slope of the elastic line. The elastic limit 
in shear is also easily located from the curve. 

A series of observations by the N.P.L. 
mirror torquemeter (§ (55)) on a piece of a 
shaft are given in Table 23 and the diagram 
shown in Fig. 94. From this diagram the 
limit of proportionality in shear is seen to be 
with a torque of 1350 Ibs.-in. corresponding 
to a stress of 24-0 tons per square inch, and 



the modulus of rigidity (C) = 1T9 x 10® lbs. per 
square inch. 


p _ stress _ 53,800 
~ strain 0’00453 


= 11-9 X 10® lbs. per sq. in. 


Bessemer steel of carbon content varpng 
from 0*19 per cent to 0*96 per cent to range 
from 11*9x10® to 12*7x10® lbs. per square 
inch. 

Platt and Hayward ^ give values varying 
from 12-3 x 10® to 14*0 x 10® lbs. per square 
inch. 

Average values of C are given in Table 22. 

§ (67) Poisson’s Ratio. — Poisson’s ratio is 
the ratio of lateral to longitudinal deformation, 
and is usually denoted by cr. 

An extensometer when used in conjunction 
with an apparatus for measuring lateral strains, 
such as are giren in § (57), gives the value 

Table 23 

Torsional Stress-strain Observations 

Diameter of test piece =0*500 inches. 

Gauge len^h=4 inches. 


Twisting 

Moment. 

Lbs.-Ins. 

Torsional Strain. 

In Torquemeter 
Units.^ 

Angle. 

100 

Ill 

0° 19' 

200 

222 

0° 38' 

300 

329 

0° 51' 

400 

442 

r 16' 

500 

551 

r 34' 

600 

656 

1° 52' 

700 

769 

2° 12' 

800 

880 

2® 31' 

900 

989 

2° 50' 

1000 

1103 

3® 9' 

1040 

1145 

3® 16' 

1080 

1190 

3° 23' 

1120 

1233 

3° 31' 

1160 

1278 

3® 39' 

1200 

1322 

3° 46' 

1240 

13G9 

3° 54' 

1280 

1403 

3° 60' 

1320 

1446 

4® r 

1360 

1497 

4® 15' 

1400 

1550 

4® 25' 

1500 

1699 

4® 60' 

1600 

1919 

5® 26' 

1700 

2249 

6® 20' 

1800 

2859-^ 

7® 58' 


^ A reading of 2859 = an angle of twist of 7 degrees 
58 minutes on a length of 4 inches. 


j\lo^e_StresB=24*0 x 2240 lbs. per sq. in. 

= 53,800 lbs. per sq. in. 


Strain = r^/L-j 


where r = radius of the test 
piece, 

6 = angle of twist on 
length L in 
radians- 


= (0*25 X 4*15)/{4 X 57*3) = 0*00453. 


For wire the value of C is determined from 
the time of a single torsional oscillation, 

Bauschinger ^ found the value of C for 

^ Civilingemeur, 1879. 


of cr for any material in the most direct way 
possible. 

Both instruments are fixed on the test 
piece at the same time and measurements are 
obtained, of both lateral and longitudinal 
strains, for equal increments of load. The 
results are then plotted as stress-strain dia- 
grams, and the ratio of the slopes of the 
elastic lines is equal to cr (Poisson’s ratio). 

The figures in the following table are taken 
from results obtained by Coker. 

* Inst. Civ. Eng. Proc. xc. 409. 




176 


ELASTIC CONSTANTS 


Table 24 

Measttresients of Lateral and Longitudinal 
Strains 


Piamoter of the test piece = 1-01 inches. 
Length under test =8 -00 inches. 


Load in Lbs. 

Lateral Strain 
Beading. 

Longitudinal Strain 
Beading. 

1,000 

0 

0 

3,000 

20 

34 

5,000 

42 

66 

7,000 i 

63 

99 

9,000 

85 

132 

11,000 

106 

165 


From the plotted values of these results 
given in Fig. 95 it will be noted that the 
curves do not pass through the first point, but 
the remainder of the observations lie on 


straight lines. The slope of the longitudinal 
stress-strain curve =408-7 x 10"^°, and the slope 
of the lateral stress-strain curve = 107 xlO-*-®, 
therefore v = 107 /40S’7 = 0-362. 

Average values of Poisson’s ratio for various 
materials are as follows : 


Table 25 


Material. 

Value of Pois.son’s Ratio. 

Glass .... 

0-25 

yteel .... 

0-27 to 0-30 

Copper 

0-33 (0-31 to 0-34) 

Brass .... 

0-33 (0-32 to 0-35) 

Delta metal 

0-34 

Muntz metal 

0-34 

Lead .... 

0-43 

Stone 

0-20 to 0-34 

Concrete . 

0-08 to 0-18 

Cast iron . 

0-23 to 0-27 

Wrought iron . 

0-27 to 0-29 


yi. Special Forms of Test 
§ (68) Experiments on the Repetition of 
Stresses. — It has been shown by experiment 


that materials fail under stresses considerably 
lower than the ultimate when those stresses are 
repeated many times. 

Stanton and Bairstow ^ have shown micro- 
scopically that this deterioration is duo to 
“ slip lines being set up at the jioint of maxi- 
mum stress in the cleavage ]ilanes of the 
crystals and due to unequal distribution of 
stress among the crystals.” Those slij) lines 
broaden out and develop into actual cracks 
under repetition of stress. This type of 
failure is sometimes called “fatigue,” but is 
perhaps better described as a “ repeated stress 
failure.” 

In many cases the stress does not alternate 
between zero and a maximum in tension; 
there may be an initial tensile or initial com- 
pressive stress. For the jiurposo of a con- 
sideration of this subject coinprossive stress 
is taken as a negative tensile stress, and the 
range of stress as the 
diil'oronco between the 
maximum and minimum 
stresses. 

Alternating stresses are 
usually considoT’ed as be- 
ing tliose in which the 
maximum and minimum 
stresses arc equal but of 
op])osito sign. 

Since 1864, when Fair- 
bairn ])ubliHlied resultH in 
tbo Roy. Foe. Phil. Trans. 
on riveted wrought iron 
girders subjected to ns 
peated strossos, many im- 
portant rosearehes on tins 
subject have heou uiuhu'- 
taken. As a result of his work, Kairbaini 
recommended that the safe riqxnitiMl stress 
should bo not more than oncstlurd of the 
ultimate stress. 

In 1871 Wohler published the results of an 
exhaustive series of rei)calod stress c.xixu-i- 
ments in direct stress, bonding, and torsion 
which had been carried out during the previous 
twelve years. A full dosin-iption of these ti'Hl.H 
is given in Engmeering of 1871, and a good 
account by Unwin. ^ The most important 
deductions from those oxporimonts on wrought 
iron and steel are : 

(a) A stress below the ultimate will fracture 
wrought iron and stool if it is repeated many 
times. 

(b) The range of stress, and not the maximum 
stress, determines within certain limits tbo 
number of repetitions before fracture. 

(c) For a given maximum or minimum stix^ss 
the number of repetitions before fraidtme 
increases as the range of stress is diminished, 

^ “Tlesifltance of Iron and Steel to IlovcrsalH of 
Dirnet Stress,” {7ifiL Civ. Ryw. Proc. clxvi. 7H, 

* Testmff of Materials of Constrnciion^ U)l(), p. {i7 L 
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and there is a range of stress called the limiting 
range, at which the number of repetitions is 
infinite. 

(d) The limiting range of stress diminishes as 
the maximum stress increases. 

Wohler’s work was continued on the same 
machines and confirmed by Spangenberg, 
whose results, however, were not so consistent 
as the original work by Wohler. 

Results pubhshed in 1886 by Baker, ^ who 
had experimented vith soft and hard steel 
(28 and b4 tons per square inch respectively) 
and 27-ton rivet iron, were in complete agree- 
ment with Woliler’s researches. 

A considerable number of experiments on 
the effect of varying values of the minimum 
stress on the limiting range of stress have been 
carried out by Haigh.^ 

In 1915 he reported a series of tests on mild 
steel to the British Association. These are 
summarised in Table 26. 


Table 26 

Repeated Stress Tests on Mild Steel 


Ultimate 
Static 
Stress. 
Tons/Sq. In. 

Limiting 
Minimum 
Stress. 
Tons/Sq. In. 

A. 

Limiting 
Maximum 
Stress. 
Tons/Sq. In. 

B. 

Limiting 
Range of 
Stress. 
Tons/Sq. In. 

B-A. 

26-0 

+ 4-05 

+21-55 

17-5 


- 0-88 

+20-62 

21-5 


- 7-3 

+ 17-20 

24-5 


-13-0 

+ 13-00 

26-0 


- 16-96 

+ 6-54 

23-5 


-20-10 

+ 1-40 

21-5 


-21-95 

- 2-45 

19-5 


The results are plotted in Fig. 96, from which 
it is seen that — 

(1) When the minimum stress is zero, the 
range of stress is approximately 21-0 tons per 
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Minimum Stress in Tons per sq.in. 

Fig. 96. 


scj^uare inch, i.e. a tensile stress of 80 per cent of 
the ultimate stress is sufficient to fracture the 
material when repeated a considerable number 
of times. 

^ “ Notes on the Working Stress of Iron and 
Steel,” Amer. Soc. Mech. Eng. Proc., 1886. 

“ Brit. Assoc. Report, 1015, p. 1G3; also Inst, of 
Metals J., 1917, No. 2, p. 65. 


(2) When the minimum stress is less than 
half of the range {i.e. from 4*05 to - 13-0) the 
carve approximately follows Gerber’s parabola 
(see § (70) (ii.), otherwise there is a noticeable 
deviation from the parabolic form. 

Results in Table 27 give details of the 
observations on mild steel when the stresses 
are alternating (i.e. equal tension and com- 
pression). These confirm Wohler’s deductions 
b and c, given above. 

Table 27 

Altebnatinq Stress Tests on Mild Steel 


Limiting range of stress =26*0 tons per sq. in. 


Ultimate 
Stress. 
(Static.) 
Tons;Sq. In. 

Alternating Stresses. 

(Equal Tension and Compression.) 

Range of Stress. 
Tons’Sq. In. 

Millions of Cycles 
to Fracture. 

26-0 

39-3* 

0-003 


32-7 

0-08 


31-3 

0-056 


31-3 

0-16 


29-9 

0-19 


29-9 

0-80 


28-8 

0-41 


28-7 

1-01 


27-5 

1-37 


27-5 

2-18 


26-4 

1-66 


26-4 

5-90 


25-4 

7-20 1 


* 39-3 (range) == +19-65 to -19-65. t Unbroken. 


Tests on Naval Brass by Haigh are sum- 
marised in Table 28 and plotted in Fig. 96, 
and show that for the brass under consideration 
the equation connecting minimum stress and 


Table 28 

Repeated Loading Tests on Naval Brass 


Ultimate 
Stress. 
(Static.) 
Tons/Sq. In. 

Limiting 
Minimum 
Stress. 
Tons/Sq. In. 

A. 

Limiting 
Maximum 
Stress. 
Tons/Sq. In. 
B. 

Limiting 
Range of 
Stress. 
Tons/Sq. In. 
B-A. 

28-7 

- 1-0 

+ 16-5 

17-5 


- 3-4 

+ 15-8 

19-2 


- 6-5 

+ 14-5 

21-0 


-12-0 

+ 12-0 

24-0 


-17-0 

+ 10-5 

27-4 


-20-5 

+ 8-5 

29-0 


range of stress is that of a straight Line passing 
through the point where the minimum stress 
is equal to the ultimate stress. Haigh says that, 
as a rule, metals which give a considerable 
reduction of area at fracture have a high value 
of the ratio of alternating stress range (wdth 
equal tension and compression) to the ultimate 
stress. This usually varies between 1-20 in 
ingot iron and the best mild steel and 0-80 
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in higli tensile and tool steels in the annealed 
condition. 

§ (69) BAXJSCHmGEK’s Theory of Eailtjee. 
— Banschinger’s theory of failure due to re- 
peated stresses is the only one which has 
received serious consideration. He shows that, 
with bars subjected to cyclical variations of 
stress, the elastic limits in tension and compres- 
sion take up new positions, the range between 
the two limits depending on the material and 
the stress at the lower limit of elasticity. Thus 
if the elastic limit is raised in tension by 
overstrain it is simultaneously lowered in 
compression, so that for that condition of 
loading two new limits are set up, which 
Bauscliinger calls the natural elastic hmits. 
He showed, further, that the range between 
these limits was the same in magnitude as 
the maximum range of stress which could be 
applied to the material an infinite number of 
times without causing fracture. 

Bairstow/ in an important paper communi- 
cated to the Eoyal Society from the N.P.L., 
has given experimental results wliich con- 
stitute the first strong support of Bauschinger’s 
h 3 rpotheses. 

In the testing macliine used by Bairstow for 
the purpose of tlie experiments, cyclical 
variations of direct stress are automatically 
produced at the rate of two per minute in 
such a manner that the extensometcr, which 
is of the Martens mirror type, is fixed to the 
specimen throughout the tost, and in this way 
the whole history of the i)rogress of fatigue is 
observed. 

When the limits of stress arc tension and 
compression of equal values it is found that, 
if the range of stress is above a dclinito 
value, the stress-deformation curve forms a 
closed loop, wliich is called the hysteresis 
loop, consisting of tvvo parallel straight lines, 
corresponding to the variation of stress from 
the limits of stress towards the mean stress, 
and two curved portions, corresponding to 
the variations of stress from the mean value 
to the extreme values {Fig. 97). The width 
of this loop, which is the i^erinanent set of 
the specimen per cycle, increases as the range 
of stress increases, but for a definite range of 
stress tends to a limit which is not greatly 
exceeded by subsequent repetitions of loading, 
even when this is the range at which fracture 
under fatigue eventually takes place. Under 
these conditions of stress the mean length of 
the specimen remains constant. 

When the limits of stress are unequal the 
hysteresis loop is formed as before, but is not 
closed, owing to tlie fact that the mean length 
of the specimen gradually changes because of 
the continued repetition of the same cycle of 
stress, i.e. the change of mean length of the 
specimen j)cr cycle is tlie amount "by which 

1 Ron. Soc. RhiL Trima. .Series A, cox. 35-55. 


the hysteresis loop is enclosed. The amount 
of the permanent extension during the earlier 
stages of the breakdown! becomes considerable 
as the superior limit of stress a])proachcs 
the static yield point, and if its value, niter 
the first considerable stretch has occurred, be 
plotted against the corresponding values of 



3^^Ia. 07. 

the superior limit, it is found that the curves 
gradually come into coinc.ulciu^o with the 
ordinary static “ stress-clongatiou ” curve at 
the yield point. EEABO {Fig, 98) shows 
such a ctirvo, in prodiiciiig which no cyclical 
variations of stress aro coucornetl. 

The principal conclusions arrived at by 
Bairstow aro summarised thus : 

(a) The “ natural olastio rang(b ” is tlio value 
to bo used ill design, and, with equal com- 
pressivo and tensile stresses, this value is 
identical with the “ Wiihler safe rangi^."” 

{b) Tho natural clasfci<^ range depends uj)oa 
(1) the material and (2) tho lower limit of 



stress. The elastic range wlum tluj l()W(ir 
limit is zero is less than that with equal ieusilo 
and comxn'cssivo stresses (about 15 per cent witli 
axle steel and 6 per cent with ‘BessHenuir stad). 

^c) If a stress-extension curve is ])lott(al, 
tho extension being tbo value of tho por- 
manent extension reached after rop(^at(Ml 
alternations, it assumes tho form found with 
hard drawn cop])or wire, which ha.s no yield 
point but corresponds with the curve EBdii IK! 
of Fig. 98 produced back to tho “natural” 
elastic limit. 
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{d) Eecovery due to stoppage of the alterna- 
tions of stress is appreciable, being somewhat 
rap)id for some materials, Eeeovery reduces 
the permanent extension at a given load and 
can be greatly accelerated by immersing in 
boiling water for a few minutes, as suggested 
by Muir.^ 

If an inclined line (Fig, 99) is taken to 
represent the limiting minimum stresses, and 
the limiting maximum stress corresponding 
to each limiting minimum stress is plotted 
on the corresponding ordinate, a curve of 
maximum stress ea is obtained. The vertical 
distance between the two curves represents 
the limiting range of stress and it will be 
observed — 

(1) That as the limiting minimum stress 
increases the range decreases. 

(2) That if both the maximum and minimum 
stress applied to the material fall between the 
two curves, then the material will not fail 
under a repeated stress having those maximum 
and minimum values. 

§ (70) EoBivnjLA.B FOR Repeated Stress 
Tests. — ^Various empirical formulae have been 



suggested to connect the limiting values of 
the maximum, minimum, and range of stress, 
(i.) Weyraugh and Launhardfs Formulae . — 

If — limiting maximum stress, 

limiting minimum stress, 

/= ultimate static stress, 

= limiting range of stress when/,„in. = 0, 
2 Z 2 = limiting range of stress when 

^ Rolf. Soc. Phil. Trans., 1900, cxciii. 1; also Roy. 
Soc. Proc., 1900, Ixvii. 4C1. 


Weyraugh ^ suggested the formula 

Juias. 

where the stress is wholly or partly reversed, 
Launhardt ^ suggested the formula 

U..=z,+^if-z,), 

Jiuax. 

where the stress is applied without reversal. 
Fig. 100 is drawn plotting the values of /i„ax. 



from the above formulae assuming the values 
of /nun. to lie on the inclined line RS and 

Zi=| andZ2 = |. 

The latter have been found to be average 
values for a variety of materials. 

The curved line for the maximum stress 
limit derived from Weyraugh and Launhardfs 
formulae is sometimes assumed to be straight, 
in which case one formula covers the whole 
field of repeated stresses. 

(ii.) Gerbefs Parabolic Relation. — Gerber 
showed that, by plotting the limiting minimum 
stress as abscissa and the corresponding safe 
range as ordinate, a curve was obtained 
wliich, to a first approximation, was para- 
bolic. 

Using the previous notation, Gerber’s para- 
bolic relation is expressed by the formula 

n being a constant for the material. 

§ (71) Repeated Stress Testing Machines. 
— ^AU Wohler’s tests were carried out at a speed 
of less than 100 reversals per minute, and a 
determination of the fatigue range occupied 
a very long time. 

- Inst. Civ. Bng. Proc. Ixiii. 

® Zeitsch. des Arch.- imd Ing.-Verems zu Bannocer, 
1873; also, Inst. Civ. Eng. Proc., 1880-81, Ixiii. 
280. 
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Various machines have been constructed 
to accelerate the test. 

Before describing those machines which 
are in constant use for this branch of testing, 
it is advisable to explain the usual procedure 
which is adopted in the determination of the 
limiting range of stress. 

Starting with an unknown material and 
a machine giving 2000 reversals per minute, 
two methods of attacking the problem are 
used : 

(a) If the amount of the material is small 
and only a limited number of test pieces can 
be prepared, a low range is applied to the first 
test piece, which is increased by about 30 per 
cent after ten million reversals. Increments 
of the same value are added to the stress range 
after each additional ten million reversals 
until the test piece fails. (If the test piece is 
hollow the number of reversals can be reduced 


in order to be satisfied that, if the tost piece 
does not break, the range applied is within the 
safe range. 

The machines which are in common use cian 
be divided into four main typos : 

(i.) Rotating cantilever maciliinos. 

(ii.) Rotating bar machines with a short 
length under a constant bending moment. 

(iii.) Direct stress machines. Load a])i)Hod 
by an unbalanced revolving weight. 

(iv.) Direct stress machines. Load applied 
by the pull of an electromagnet oxcutod by an 
alternating current. 

(i.) Rotating Cantilever MacMtiefifor Reversals 
of Bending Stress . — This typo of mafiliinc has 
been run succcssfnUy at 3000 revolutions per 
miniito and is shown diagrammatically in 
Fig. 101. It c^onsists of a tost i)icce A held 
in a rotating chuck B driven either dirc(‘.i 
or through gearing by an electric motor (J. 


to five mil- 

hon.) The Counter driuen 

range is 
,, Worm-Luheel 


Shaft Bearings 


range is • 

,, Worm-Luheel ({(Q))) 

then known 

to be be- ^ ;; J-j j 

tween two Attached to 
valnf^q /aq. Electric Motor {O) 
values ias- flexible Coupling 

be homo- 
geneous). A second test piece is then in- 
serted in the machine and a range applied 
slightly higher than the lower of the two 
previous values. This range is increased 
by small increments (depending upon the 
accuracy with which the results are desired) 
after each ten million reversals, until failure 
occurs. 

(6) Where at least four test pieces are 
available, the limiting range is approached 
from the opposite direction. The first test 
piece has a high range of stress applied to it, 
and from the number of reversals required 
to fracture an estimate can be obtained as 
to the probable range. The next specimen 
is te.sted under a range still believed to be on 
the high side, and this process is repeated 
until a range is obtained under which the 
material does not break. A stress-reversals 
curve can then be drawn, from which the 
range of stress can be estimated with what- 
ever accuracy is required consistent with the 
homogeneity of the material. 

The method of procedure adopted will 
depend on 

(a) The amount of material available. 

^ (b) The relative cost of preparation of test 
piece and running of the testing machine. 

(c) The importance of the time of duration 
of test. 

With machines of higher speed than 2000 
reversals per minute it 'is usually con.sidered 
that a larger number of reversals is required 


■ Operates a trip 
s gear working an 
\ Electrical cut out 



The tost piece is loaded by wc'iglit W on a 
scale pan 8, which is attacdu'd to Dio ti^st 
piece through the ball blearing I). 
connection between the ball bearing and the 
scale pin is such that the lathu: (uux adjust 
itself in a vertical diroction without jiutting 
any constraint on the ball bearing. 

The number of alternations is nH'.ordiHl by 
a counter driven by a worm wland from a 
worm cut on the machine shaft. The bri^aldng 
of the test piece usually operates a swii^cli and 
stops the motor ; by this moans the niaohino 
can bo run continuously with but Htilo 
attention. 

A slight modification of the counting and 
^'topping method is in some casc’iH adopted. 
The counter is attached to the ball-b(':aring 
holder (by which the load is a})pUo(l) and is 
driven by the inner race of the ball bearing. 
The breaking of the test piece causes the 
counter to cease recording, and the machine 
continues to run, without a teat piece, until 
the next period of ina})cotion. 

A rotating cantilever machine which has 
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beea running successfully at the N.P.L. is 
shown in Fig. 102. 

With a bending test the stress distribution 
over the cross-section is unknown if the elastic 
limit is exceeded, and the maximum stress only 



Fig. 102. 


(ii.) Rotating Bar MacMnes . — Tliis type of 
machine was first used by Sondericker® in 
1892. The method of test is shown diagram- 
maticaHy in Fig. lO-t. The test specimen 


Weight 


^ ZESZISS 

—A • — S -6 - 

r 

Fig. 104. 

ABCD is subjected to a uniform bending 
moment while revolving on its axis. It is 
supported on swivelling bearings at A and 
D, and the central portion between B and 






falls on the outer fibres of the test piece. The 
test piece is often made hollow, as in Fig. 103, 
the part under test being only a thin shell. 

Machines of the rotating cantilever or 
Wohler type have been used for researches 
described by Wohler,^ Stead and Richards,® 
C. B. Dudley,^ F. Rogers,^ Stanton and 



Pannell,^ J. 0. Roos,® C. E. Stromeyer,’ and 
A. Martens.® 

They are made commercially by Alfred J. 
Amsler. & Co., and Tinius Olsen Testing Macliine 
Co. The latter company call them “White- 
Souther endurance testing machines.” 

^ Fnginecring, ii. 

“ Iron mid Steel Inst. J., 1903, No. 2. 

“ Iron and Steel Melallurgnt, Feb. 1904. 

* Iron and Steel Inst. J., 1905. 

® “ Experiments of Strength and Fatigue Pro- 
perties of Welded Joints,” Inst. Civ. Eng. Proc„ 
1911, clxxxviii. 

® “ Some vStatic and Dynamic Endurance Tests,” 
Tnt. Assoc. Test. Mat. Proc., 1912, Paper V. 

’ Manchester Steam Users’ Assoc., Memo, by Chief 
Engineer, 1913. 

® “ Fatigue Bending Tests,” Science Abstracts, 1914, 
No. 1371. 


Fig. 105. 

G is reduced in diameter. The maximum 
stress (finax.) on the test piece is calculated 
from the formula 

32 

/max. = Bending moment x 

where d = the diameter of the reduced 
portion. Besides 
Sondericker this 
method of test has 
been used by J. E. 
Howard^® and 
Eden, Rose, and 
Cunningham. 

(iii.) Direct Stress 
Machines. — Load 
applied by an un- 
balanced weight. 

In 1902 Osborne 
Reynolds and J. H. Smith described a throw 
testing macliine, for reversals of stress in 
W'hieh simple direct stresses were produced on 
a test piece by the inertia forces of reciprocating 
weights driven by a crank and connecting rod 
from a rotating shaft. 

A machine of the same type was designed 
by T. E. Stanton and used for his work on the 
resistance of iron and steel to reversals of 
direct stress. A diagram of the mechanism 

"“Repeated Stresses,” Quarterly Journal of 
Massachusetts Pist. of Technology, 1892. 

Engineering Record, Sect. 22, 1906 ; also Inter. 
Assoc. Test. Mat. Proc., 1909. 

Inst. Mech. Eng. Proc., Oct., Dec. 1911. 

“ Roy. Soc. Phil. Trans. A, 1902, exeix. 

“ Eyigineering, Feb. 17, 1905. 
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is shown in Fig, 105, which, also explains the 
method of balancing the cranks. 

Four masses M reciprocating horizontally 
are operated by four cranks C. There are 
therefore two independently perfectly balanced 
systems with cranks set 180° apart on the 
same shaft AB. The cranks of one system 
are at right angles to the cranks of the other 
system, so that the kinetic energy of the 
moving parts is thus approximately constant. 
There are four test pieces S, one stressed by 
each reciprocating mass. 

Maclunes of this type, however, suffer 
from the disadvantage that the inertia forces 


vary with the square of the speed. It is 
therefore necessary to control the speed very 
carefully if reliable results are expected. 

(iv.) Fired Stress Machines . — Load applied 
by pull of an electromagnet excited by an 
alternating current. 

This method has been successfully applied 
by Cr. Kapp,^ B. Hopkinson,® and B, P. Haigh.® 

Haigli has introduced several new features 
into his latest design. Fig. 106 shows a 
niachino installed at the N.P.L. and Fig. 107 
illustrates the principle adopted. 

The test piece S is connected at its upper 

^ " Alternating Stress Machine,” Zeits. Veraincs 
Deutsc/i. /iig., Aug, 20, 1911. 

“ Fmf. Soc. Proc. A, Jan. 31, 1012, l.xxxvi. 

® JCngineerlng, Nov. 22, 1912; of Metals J.. 

j917, No. 2, p. 55. 


end to the frame of the machine in such a 
Avay that its lieiglit can bo adjusted to allow 
for elongation, while the bjwcr end is attached 
to a frame carrying tlie armature A of a 
two-phase elect romagnoi an<l 

The eleetromagiiet is excited by an allornat- 
ing current from a generator giving a sine 
wave E.M. LA, so that tlie judl is almost 
proportional to (voltagc/fi-equeney)-, nearly 
independent of the air ga]), which is small 
and imlsatcs with twice the fi’ccpieiuiy of the 
electric curi*ent. 

Twm small secondary ('oils wmund on frames 
are fixed close to the pole farjes, and the voltage 


induced in those coils is moaHurcHl by a volt- 
meter and used for calculating thc^ str'c'iss. 

In order that the })ull of tlic two magiK'ts 
shall bo of the same amount it is nccc'ssaiy 
that the air gaps shall bo equal A (ine 
adjustment is provided witli the machiiK^ to 
enable the test-X)iooo fr-amc^ and annaturr^ to 
be raised or lowered during a test until the 
current in the two coils and thorcforci the 
air gaps are equal. The coils arc oonnocdcMl 
to a differential ammeter which roads zero 
when this condition is fulfilled. 

By the use of a choking coil the voltage 
readings are rendered nearly indopendemt of 
the frequency over a fairly largo range, so 
that slight alterations of frequency during a 
test do not alter the range of stress. 



Fig. lOG. 
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The frame carrjing the test piece and 
armature is also attached, below the latter. 



to standard springs S, S. The stiffness of these 
springs is adjusted to counterbalance the in- 
ertia of the arnaature, etc., a precaution which 
is very desirable, as it eliminates a correction 
which would amount to 5 per cent of the stress 
range. Tliis adjustment is effected by setting 
the springs, so that the moving system, 
without the test piece in place, vibrates in 
resonance with the magnetic pull. 

By extending or compressing the springs 
an initial pull or push can he applied to the 
test piece so as to alter the magnitude of the 
minimum stress. 

Thus if /g= the alternating stress applied 
electromagnetically, 

and fg =the stress applied by the springs, 
then the maximum stress + 

and the minimum stress (/uuc.)= "fe+fs- 
Range of stress = Z 

= 2 /„ 

i.e. the range is not affected by the load 
applied by the springs. 

The voltmeter is calibrated by measuring 
the range of stress (photographically) by a 
special form of optical extensometer. This is 
shown diagrammatically in Fig. 108. 

§ (72) Effect of Speed on tee Lifting 
Range of Stress. — Reynolds and Smith ^ 
found that the limiting range of stress was 
smaller at speeds of 1300 to 2500 per minute 
than at GO to 80 cycles per minute. Their 
conclusions have not, however, been confirmed 
by subsequent experiments. 

Stanton and Bairstow,^ using a machine 

^ Ro)/. Soc. Phil. Tram. A, 1902, exeix. 

^ “ Resistance of Iron and Steel to Reversals of 
Direct Stress/’ Inst. Cio. Rng. Proc. clxvi. 78. 


of the same type, found that a change of 
speed from 60 to 800 did not seriously 
affect the range, and later, using a machine 
of the same type as Wohler, they found 
that' there was no evidence at all of any 
reduction in fatigue strength due to a rate 
of alternations of 2200 when compared vdth 
200 . 

With respect to Reynolds and Smith’s results 
Stanton says, “ It seems probable that the 
reduction in fatigue strength noted by 
Reynolds and Smith as due to high rate of 
alternations is a characteristic of the particular 
mechanism used for their experiments.” 
Bairstow ^ says, ‘‘ It may possibly be that the 
decreased range of stress found by Reynolds 
and Smith has some relation to the question 
of recovery, but further experiments are 

Mirror attached to Test Piece bg two 



yet been fully investigated. In two instances, 
at least, low ranges of stress have been traced 
to natural periods of vibration in the testing 
machine agreeing approximately with the 
period of repetition.” 

Eden, Rose, and Cunningham ^ found no 
speed effect between 250 and 1300 revolutions 
per minute. 

“ Roy. Soc. Phil Trans. Series A, ccx. 35-55. 

* Inst. Mech. Bng. Proc., Oct., Dec. 1911. 
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§ (73) Effect of Rapid Changes of Section 
AND Surface Condition on the Limiting 
Ranges of Stress. — Stanton and Bairstow 
have shown that rapid changes of section have 
a marked effect on the resistance of materials 
to repeated direct stresses. 

The standard test piece that they used had 


depend on the hardness of the steel, being 
ajiproximately 52 per cent for tlic hard steels 
and 45 to 35 per cent for the wrought irons 
and mild steels. It is, however, worthy of 
notice that even under the circuinstancos 
supposed to bo most fatal to hard steels, i,e, 
a sudden change of section, tlioso stools arc 


Table 29 

Effect of Rapid Changes of Section on the Limiting Range of Stress 


Material. 

Percentage Reduction of the Limiting Range of Strc'SH. 

Specimen Screw cut 
with a Vee Tliread. 

Specimen having a 
Fillet 0*002 in. Radius 

Spociinoii left with 
p(‘rfe(itly Sharj) 
Corners. 

Swedish Bessemer steel No. 3 

31 

32 

52 

Swedish Bessemer steel No. 2 

30 

28 

53 

Swedish Bessemer steel No. 1 

33 

32 

52 

Swedish charcoal iron . 

32 

35 

40 

Piston-rod steel .... 

33 

20 

40 

Mild steel No. 2 ... . 

29 

28 

45 

Mild steel No. 1 . . . . 

26 

28 

30 

Wrought iron No. 1 

23 

10 

40 


a fillet of I inch, and for comparison with 
this they made experiments when (1) the 
fillet was reduced to 0-062 inch, (2) the 
specimen was screw cut with a Whitworth 
vee thread, and (3) the corners were left 
sharp. 

The results are given in Table 29 and 
show — 

(1) That the resistance of all these forms 
are, in every case, far below the corre- 
sponding maximum limiting resistances of 
the materials. 

(2) That the resistances of forms (1) and (2) 
are practically the same for any given material, 


very appreciably stronger than wrought irons 
and mild stools. 

The results of some cxporimontKS, made by 
the author using the Wohler rotating cuutilov(n’ 
method of test, are given in Table 30. The 
I standard tost piece shown in 103 has a 
radius of 0-025 inch. 

The percentage reduction in tlio range is 
seen to agree with the results obtiaincHl by 
Stanton and Bairstow. 

The injurious effect of seratohoa iu })arts of 
machinery subject to variations of Htress is 
now recognised, llaigh says that cracks 
develop from surface scratches under strcMscs 


Table 30 

Effect of Rapid Changes of Section on the Limiting I-^ange of Stiuoss 
(using the Wohler Method) 


Material. 

Ultimate Static 
Stress. 

Tons per 

Sq. In. 

Limiting Umvgo of Stress. 

Tons ])er Sq. In. 

Mn.Khnuiu 

ICulueMon 


Fillet 
in. Radius. 

Fillet 

i in. Radius. 

Sliarp 

Corner. 

iu Itaiigo. 
INt e<uit. 

Nickel chrome shaft No. 1 

61-9 

67-0* 

48-0 

3L0 

40 

' Nickel chrome shaft No. 2 

45-2 

46-0 

. . 

20-4 

30 

Boiler Plato .... 

27-9 

276 


10-0 

42 


* 57-0= -f 28-5 to -28-r>. 


and that the ratio of these resistances to the 
corresponding maximum limiting resistances 
docs not vary greatly for the different 
materials. 

(3) That in the case of tlio sx)ecimons having 
a sudden change (ff section, the percentage 
reduction of the limiting range appears to 


perceptibly lower than the normal. In hotuo 
experiments carried out by the author tlui 
alternate stress range of some mm) crank- 
shaft material was rodue.ed from 5({-0 (-1-28 to 
-28) to 40-0 tons/sq. in. by a sharp seratcJi 
0-003 in. deep. 

There seems to bo no doubt that many 
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fatigue failures attributed to faulty material are 
really due to unsuitable fillets, sharp corners, 
or surface scratches left during the process of 
machining. 

§ (74) Resistance of Mateelals to Com- 
bined Stresses. — Frequent cases of the 
combination of stresses are met with in 
engineering practice, and the question of the 
resistance of materials to those stresses is 
now recognised as being of considerable 
importance. 

Stress applications may be of three types : 

(i.) Simple stress or stress in one direction. 

(ii.) Biaxial stress or two stresses acting in 
directions at right angles to each other in the 
same plane. 

(iii.) Triaxial stress or the application of three 
stresses at right angles to each other. 

With simple stresses, direct tension or 
compression, the practical constants (modulus 
of elasticity, elastic limit, yield stress, ultimate 
stress, Poisson’s ratio) are taken as a basis for 
design. With complex stress distribution the 
question arises as to the way in which these 
constants are to be used, and several different 
theories have been expounded to account for 
the method of failure of materials under 
combinations of stresses. 

The more important cases of compound 
stress, considered from an engineering stand- 
point, are biaxial. 

Shear is an example of biaxial stress because 
it is equivalent to the combination of two 
equal principal stresses,^ one compression and 
the other tension, acting in directions at 45° 
with the shearing stress. Thus, in Fig. 109, 



the stress on the plane AB. at right angles 
to the axis, is pure shear, the intensity of 
which depends upon the diameter of the bar 
and the torque applied. This shear is a 
combination of tension along the 45° plane 
CD and compression along the plane EF. 
It is well knowui that mild steel and wrought 
iron fracture, in a torsion test, across the 
plane AB, i.e. a shearing failure, while cast 
iron breaks along the plane EF {i.e. fails in 
tension) because it is stronger in shear than 
in tension. 

Other combinations of biaxial stress are : 

(a) The crank - shaft which is bent and 
twisted at the same time. This can be 

^ See “Elasticity, Theory of,’* § <5). 


reduced to a ease of tension combined with 
compression owing to the torque producing 
tension and compression on two jilanes at 
right angles as described above. 

{h) The shell of a steam boiler, which has 
to resist circumferential and longitudinal 
stresses, is an example of the combination of 
two tensions. 

(c) Plates, concrete slabs or floors sup- 
ported round the edges and loaded in the 
centre, are further examples of biaxial stress 
distribution. 

Three-dimensional stress is foimd in thick 
steel cylinders under internal pressui'e accom- 
panied by a longitudinal tension, also in 
concrete columns with spiral reinforcements, 
and in hooped guns. 

§ (75) Causes of Failure in Combined 
Stress. — Investigators in the “ combined 
stress ” field of research have first of all to 
decide upon what they consider the point of 
failure of a material. The elastic theory, 
being based on Hooke’s law, is reUable up to 
the elastic limit (limit of proportionality or P 
limit), and therefore, considered mathematic- 
ally, the elastic limit is the point of f^lure. 
This limit is dependent on the j>revious 
history of the material, and is.'^therefore 
variable and indefinite. For experimental 
purposes the yield point is used, in a good 
many instances, as the criterion of failure ; 
this is no doubt due to the method of testing 
which does not allow the tests to he continued 
to the point of failure. 

The most important theories advanced to 
account for the failure of materials under 
combined stresses are : 

(i.) Maximum Stress Theory (Hanldne). — 
This theory is that the material yields when 
one of the principal stresses reaches a certain 
amount. (The stress determined by |i simple 
tensile test.) It assumes that a second stress, 
at right angles to the first, neither w'eakens nor 
strengthens the original stress. 

(ii.) Maximu7}i Strain Theory (St. Venaii^ — 
By this theory failure is assumed to oeSp 
when the maximum strain reaches a valu^ 
equal in magnitude to that at the yield point 
stress of the simple tension or compression 
experiment. 

If a material is subjected to two or three 
stresses at right angles to each other, the 
maximum strain theory assumes that the 
strength is lowered if the stresses are opposite 
in sign and increased if they are of the same 
sign. 

Thus if Si, So, and S3 are three stresses at 
right angles to each other, and ei, e,, and 
are the unit strains in the direction of each 
of the respective stresses, also 

E=the modulus of elasticity (assumed 
to be constant) 

, and 1 /<r = Poisson’ s ratio ; 
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then Eei=Si- ^(So +S3), 

Ee,=S.j- ^(83 + 81), 

= S3 — + 82). 


Eor simple tension So and S3 may be taken as 
zero and 


Ee^ 



stress 

strain’ 


which is the expression of the modulus of 
elasticity. 

The maximum strain theory is mathematic- 
ally correct if ib is assumed 

(a) to hold within the elastic limit. 

(d) that Hooke’s law is absolutely correct. 

(c) that the material is isotropic. 

(d) that the effect of temperature is 
negligible. 

By taking the yield point as the criterion 
of failure, the variation of “ E ” between the 
limit of proportionahty and the yield point is 
assumed to be without effect on the results. 

(iii.) Maximum Shear Theory , — This theory 
assumes that the condition for initial yielding 
of a uniform ductile material corresponds to 
the existence of a specific shearing stress, the 
intermediate principal stress being without 
effect. 

This theory as originally proposed, by 
Coulomb in 1776, refers to rupture of 
the material. It is adopted in Guest’s ^ 
well-known work (1900) where it is used in 
conjunction with the yield stress. It is 
approximately verified by W. Scoble ^ and 
W. Mason.® 

We can assume that simple tension is a case 
of combined triaxial stresses where two of the 
principal stresses are zero. Applying Guest’s 
Jaw, tihe bar must fail in shear, and in this 
case ^*fae maximum shear occurs in a plane at 
and the shear stress intensity is 50 per 
of the tensile unit stress. Seely and 
Putnam ^ find that the correct ratio of elastic 
shearing strength to the elastic tensile strength 
is 0*55 to 0-65, and therefore state that Guest’s 
law which assumes the value to be 0-5 is not 
a correct statement of the law of elastic 
breakdown. Becker ^ found this ratio to 


^ “ Strength of Materials under Comhined Stresses," 
Phil. Mag., July 1900; and Phys. Soc. Proc., 1899- 
1901, xvii. 202. 

“ “ Strength and Behaviour of Ductile Materials 
under (Jomlbined Stress,” Phil. Mag., Dec. 190G, 
xii. 533. 

= ” Mild Steel Tubes in Compression and under 
Combined Stress,” Inst. Mech. Bug. Proc., 1909, 
part iv. 

** University of Illinois Bulletin, Ko. 115, Ifov. 10, 
1919. 

^ “ The Strength and Stillness of Bteel under 
Biaxial Loading,” University of Illinois Bulletin, JSTo. 
85, April 10, 1916. 


be 0-56, and the author obtained a ratio 
of 0-63 to 0*68 for steels with ultimate 
strengths of 23 and 30 tons per sqimre inch 
respectively. 

Becker,’" as the result of experimental work, 
proposes two laws of strength under combined 
stress, viz. : 

(1) That the strengtli at the yield point 
follows the Maximum Strain tlieory until the 
shearing stress reaches the value of the shear- 
ing yield point. 

(2) After this point failure occurs according 
to the Maximum Shear Theory. 

This suggestion appears to fit in very well 
with existing experimental woik. 

The maximum shear stress theory has been 
modified by Perry to include a frictional term 
proportional to the stress and pcipondiculuir 
to the plane of shear. Ho noticed tliat 
brittle materials fracture at angles greater 
than 45° with the cross-section aird assumes 
that this is duo to internal friction. 

If = the angle found experimentally, 
g. (the coefficient of friction) tan 0, 
then ^=45°-f- 0/2 for tension and (9 -"*15*’ - 0/2 
for compression. 

For cast iron the angle (0) is found to bo 
54 J°, which gives a value of g, of 0*35. 

If 0 = 0, this theory is the same as the 
maximum shear theory, and Perry sugge^sts 
that this is the (‘aso for wrouglit iron and 
mild steel. 

(iv.) The Maximum liesiUence Theory , — 
Haigh® proposes that the elastic limit of a 
material under com])lox stioss is riiachod when 
the energy per unit volume atbiins a C!(‘rtain 
definite value. Ho bases tliis view on ihm'mo- 
dynainic considerations, and also finds lhat, 
when considered from the exporinu'nial aspeid, 
the 1‘esults fit in with this ilu^ory 
than they do with either the maxiinmn 
stress, maximum strain, or maximum shear 
theories. 

Mallock ° considers tlio volume extension 
limit or the limit of shear as the fundamcMiial 
limits of a material, and assiunes that ilio 
material will fail wlicn either limit Inis betm 
reached, 

§ (76) Experimicnts on C oMniMKO Stress. — 
Most experimental work lias Ixhmi (‘nrriixl out 
on ductile materials. Only a fevy exjieri- 
monts have been made with briifJe materials 
and further research in this dircuition is 
needed. 

Test on thin tubes in combined tension and 

® Batson, Inst. Meeh. Beg. Proe,, March 1917, 

p. 182. 

^“Tlic Strength and Stiffnoss of Steel under 
Biaxial Loading,” University of Illinois Bulletin, No. 
85, April 10, 19 LG. 

“ “The Strain-Mnorgy Fnnetion and the Llastle 
Limit,” Ttevon of British Assoeiation, JUIO, and 
Ihigineering, Jan. 30, 1920. 

“ Roy. Boc. Proc. A, 1909, Ixxxil. 2(1-29, also 
Dec. 1912, p. 40C. 
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torsion have been carried out by Guest,^ 
Hancock,^ Turner,^ Mason.^ and Becker.'® 

Hancock and Turner used the limit of pro- 
IDortionality as the point of breakdown. Guest 
and Mason took the yield point, while Becker 
adopted the “ apparent ’’ elastic limit. This 
is a point between the limit of proportionality 
and the 3 ?ield point where the slope of the 
tangent to the stress-strain curve is 50 per 
cent greater than it is at the origin. Seely 
and Putnam ® also used the “ apparent ” elastic 
limit in their experiments. 

Guest, Turner, and Becker added internal 
fluid pressure in order to obtain an additional 
stress. 

Solid round specimens under tension or 
compression and torsion have been used by 
Hancock, Scoble, and Smith, ® while the 
strength of thick cylinders under internal 
pressure has been determined by Turner,^ 
Cook and Robertson,^® and Bridgeman.^^ 

Cravdord used flat steel plates clamped at 
the edges and subjected to fluid pressure on 
one side. 

§ (77) PvEPEATED Applications op Combined 
Stresses. — With repeated stress tests the 
limiting range of stress in fatigue is a value 
that can be definitely taken as the one at 
which the material fails. 

Although Wohler made tests under repeated 
tension and repeated torsion, his results are 
difficult to compare owing to lack of specific 
information regarding the material used in 
the tests. 

Both Turner and Stromeyer have experi- 
mented vdth alternating torsion ; the former 
found that the more ductile materials approxi- 
mated to the maximum shear stress law, while 
the more brittle samples were more nearly in 
agreement vdth the maximum strain theory. 


^ “ Strength of Materials under Combined Stresses,” 
PMl. JMarr., July 1900; and Plujs. Soc. Proc., 1899- 
1901, xvii. 202. 

^ Enff. News, Aug. 24-, 1905, liv., and Sept. 2, 
1909, Ixii., and IViil. Ma{/., Oct. 1900, Peb. 190S, 
and JSTov. 1908. 

“ EngvLccring, Feb. 1909, Ixxxvii., and July 28, 
1911. 

* “ Mild Steel Tubes in Compression and under 
Combined Stress,” Inst. Mcch. Png. Proc., 1909, 
part iv. 

“ The Strength and Stiffness of Steel under 
Tliaxial Imading,” University of Illinois Bulletin, 
No. 85, April 10, 1910. 

“ University of Illinois Bulletin, No. 115, Nov. 10, 
1919. 

“ Strength and Behaviour of Ductile Materials 
under Combined Stress,” Phil. Mag., Dec. 190C, 
xii. 583. 

“ Pnginecring, Aug. 20, 1909, Ixxxviii. ; Inst.MecJi. 
Eng. Proc., 1000, part iv. ; Inst, of Metals Journ., 1909 ; 
Iron and Steel Inst. Journ., 1910. 

* Pngineering, Feb. 1909, Ixxxvii., and July 28, 
1911. 

“ The Strength of Thick Hollow Cylinders under 
Internal Pressure,” Pngineering, Dec. 15, 1911, 
xcii. 

“ Phil. Mag., Jan. and July 1912. 

“ Boy. Soc. Edinburgh Proc., 1911-1912. 

“ Manehestcr Steam Users’ Assoc., Mem. by 
Chief Engineer for the year 1913. 


The only experiments so far carried out on 
combined torsion and bending were those by 
Stanton and Batson. A diagrammatic sketch 
of the arrangement which was adopted is 
given in Fig. 110. In the position shown the 
cross-section of the specimen at S is subject 
to a twisting moment WD, and to a bending 
moment WtZ. When the head had turned 
through 1R0° the moments were equal in 
amount but opposite in sign. When the head 
had turned through 90° from the position 
shown the maximum stress w^as that due to a 
bending moment WD plus that due to the 
direct loading, but as in all cases this stress 
was below the known fatigue limit of the 
material under reversals of simple bending, 
its effect was taken to be negligible, and 
the specimen was assumed to be subject to 



reversals of the combination of bending and 
twisting alone. 

§ (78) Alternating Bending Tests beyond 
THE Yield Point. — The principal objection 
to the commercial adoption of repeated stress 
tests is the time and expense of conducting 
tests in which millions of applications of stress 
are required in order to obtain the result. 

Many machines have been designed in which 
the test piece is broken rapidly under alter- 
nating stresses which exceed the yield point. 
Such tests do not give information as to relative 
“ fatigue ” strength of materials, but ha^^ 
been found useful as indicating mechanical 
defects, incorrect heat treatment, and brittle- 
ness. 

(i.) ArnoldTesting MacMne .'^^ — In this test, in 
its latest form, a test piece | in. diameter and 
5 to 6 in. long is firmly fixed at. one end 
in a vertical position in the vice of the machine. 
It is bent backward and forward, through a 
ffistance of | in. on either side of the vertical 
at a height of 3 in. above the face of 
the dies, by a slotted steel head fixed to the 
reciprocating part of the machine. The 
length of slot is larger than the diameter of 
the test piece (usually f in. with a stroke of the 
macliine of 1 J in.), so that an impact or shock 
is introduced at each alternation of stress. 
The standard speed adopted is 650 alternations 

Reportof the British Association, Nevi'CQ.’itlQ, 1916. 

“Factors of Safety in Marine Engineering,” 
Engineering, 1908, Ixxxv. 598. 
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per minute. The number of alternations to 
fracture is recorded. Arnold and other inves- 
tigators improvised shaping or slotting 
machines to perform the test. 

It should he noted that, in his earlier work, 
Arnold ^ used a test piece | in. square with 
the force applied 4 in. above the line of 
maximum stress. The deflection was J in. 
or Tj in. on either side of the vertical, and 



the number of alternations was 168 to 2G6 
per minute. 

(ii.) Landqraf- Turner Alternating Impact 
Machine . — This machine is especially designed 
and constructed to carry out the Arnold test in 
order to stan^rdise the conditions employed. 
In place of straight line movement of the 
shaping iprtmhine a rocker arm is substituted 
{Tig. Ill6 to economise space and, by reason 
of its r^’us being equal to the free length of 
the test piece, maintain a constant leverage 
during the whole stroke. 

The number of alternations are recorded by 
a veeder counter which stops registering when 
the test piece breaks. The test piece is |- in. 
diameter, but, with this machine, the distance 
from the top of the vice to the stiildng point 
of the hammer is 4 in. instead of 3 in. 
as used by Arnold in his latest experiments. 

This machine is manufactured in the U.S.A. 
by Queen & Co., Philadelphia. 

J. B. Kommers ^ of the University of Wis- 
consin has carried out an investigation with 
a Landgraf- Turner machine. He summarises 
his results as follows : 

(a) A very important factor in a repeated 
stress test similar to that performed by the 
Landgraf- Turner machine is the amount of 
deflection which the specimen receives. When 


^ l7isL Cir. Buff. Proc. (aupplement), 1903, and 
M7i0'meer, Sept. 2, 1904, p. 227. 

“ “ Repeated Stress Tostinf:,” hit. Assoc. Test. Mat. 
Proc.^ 1912, ii. part ii. Paper V 4 a. 


the deflections are less than 0*30 in. the 
change in the number of eyeries required for 
rupture is very great even for small changes in 
the amount of deflection. 

ib) Impact applied to the specimen has 
practically no effect upon the number of cycles 
required for rupture. 

(c) At speeds of about 700 cycles per minute 
the number of cycles for rupture is slightly 
less than at speeds of about 150, but for small 
changes of speed this effect is practically 
negligible. When the deflection is small the 
results on the same material do not seem to 
be as uniform as when the deflection is about 
0*30 in. or more. 

{d) The condition of the surface of the speci- 
men has an important effect upon the number 
of cycles required for rupture. 

(iii.) 8ankey Hand Bending Test .^ — The prin- 
ciple on which the tost is based is to beud back- 
wards and forwards a test piece I in. diameter’ 
and 4 in. long through a fixed angle until 
failure, the number of bonds and energy 
required for each bond being recorded. The 
test is carried out on a macliine, manufac- 
tured by C. F. Casella <fc Co., Ltd., and shown 
diagrammatically in Fig. 112. A flat steel 
spring B has one end gripped in a vice A 




which forms part of tlu^ bedplate, and the 
other secured to a liolder (! in which the test 
piece D is fixed. The tost piece is also lu^ld 
in a handle E, 3 feet long, by which it is bent 
backwards and forwards tli rough an angles of 
91J° located by the indicators F and 
The energy required to bend the tost pio(iO 
is measured by tlio deflection of the spring B, 
winch is recorded on the paper attacdiod to 
the drum C. The liorizonial motion of the 
pencil H is actuated by the holdcT 0 
through wires L and M and tlio multiplying 

“ Biigineninff, Feb. 1.5, 1007, p. 200, Dec. 20,1907, 
p. 829, and Dec. 27, 1907, p. 882. 
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pulley N. The 'vvire is kept taut by a spring 
box O, but this is sometimes replaced by a 
weight hanging from the wire M which then 
passes over a vertical puUey. The motion 
of the pencil is proportional to the energy 
required to bend the test piece. The diagram 
is calibrated by noting the length which corre- 
sponds to a measured pull at a known leverage 
from the point of bending of the test piece. 
The movement of the pencil holder H moves 
the drum through one tooth of a ratchet 
wheel K, which is attached to it so that a 
diagram is drawn such as is shown on the 
drum in the illustration. 

The practical value of the Sankey test is 
stated by Hatfield,^ who carried out an exten- 
sive series with it, to be as follows : 

“ The energy absorbed in breaking the 
Sankey test piece is practically proportional 
to the product of the average bending moment 
and the number of bends withstood. These 
two items may be compared roughly to the 
maximum stress and reduction of area in the 
tensile test, i.e. for conditions of increasing 
hardness in general, the maximum bending 
moment increases and the number of bends 
decreases. It is necessary that we should 
point out that in a number of instances we 
have obtained high absorptions of energy with 
high tensile. 

“ The maximum bending moment in the 
Sankey test follows the maximum stress in 
tension faiiiy closely, so that the latter values 
can be predicted within a few tons per square 
inch from the Sankey values. The variation 
foimd in the values of the number of bends 
in the Sankey are rather wider and of a less 
predictable nature. In this respect the Sankey 
test discriminates and emphasises a certain 
quality of the material in a manner not 
similarly brought out in other tests, except 
perhaps to some extent in the Arnold test. 
From a knowledge of the quaUty of the steel, 
its analysis, etc., experience has shown that 
fairly definite values of ductility in the tensile 
tost, as measured, for example, by the reduction 
of area, can be expected in conjunction with 
given values of tensile strength if the steel is 
free from defects. Similarly the number of 
bends in the Sankey test should reach such 
values which with experience of the test may 
also be fairly definitely established- There 
arc, however, several outstanding exceptions. 
It certainly appears that samples, which gave 
Sankey values well below what has been pre- 
dicted from an average good steel of the same 
tensile strength, were in nearly all cases also 
somewhat inferior in reduction of area.” 

The diameter of the Sankey test piece is 
f in. and its free length If in. Owing 
to the fact that the machine, as supplied, is 

^ Hatfield and Duncan, N.B. Coaat Inst, of Bng. 
and Shipbuilders Proc.^ March 19, 1920. 


not suitable for steels of higher tensile strength 
than 50 to 60 tons per square inch, Hatfield 
suggests a test piece 0*3 in. diameter and 
free length If in, for these steels. 

Sankey ^ gives the following constants for 
inferring static test results from those obtained 
on his hand bending machine : 

Yield point (tons per sq. in.) 

_ initial bending effort in lbs. -ft 

0 

where C==2*l for steels up to 0-.3 per cent 
carbon and 2-7 for medium carbon 
steel. 

Ultimate strength (tons per sq. in.) 

_ maximum bending effort in lbs. -ft. 
“ 1-54 

Elongation (on gauge length = 4 \^Area) x 
reduction of area 

_ number of bends 
1-9 

(iv.) The Upton Lewis ^ toughness testing 
maohlne, manufactured by Tinius Olsen Testing 
Machine Co. (English agent, Edward G. 
Herbert, Ltd., Manchester) is very similar in 
principle to the Sankey machine. It is, 
however, operated by a motor or belt-drive 
giving 250 alternations per minute instead 



of by hand, and the method of measuring 
and recording the energy absorbed is slightly 
different. Referring to Pig. 113, where the 
machine is shown diagrammatieally, the test 
piece C is bent backwards and forwards by 
an arm operated from the adjustable crank M. 
The energy is measured by the amount of 
the compression of the springs EF, which is 

“ Sankey, Blount, and Zirkaldy, Inst. Mech. Bng. 
Proc., May 1910. 

® American Machinist, Oct. 17, 1912. 



190 


ELASTIC CONSTANTS 


recorded by the hell-crank indicator Gr marking 
on a continuous recording paper H. The 
form of diagram is shown in Fig. 113a, 



riG. 113 a. 

( V. ) Other 1 nvestigators a nd M acJdnes. — ^Bou- 
douard ^ used a machine in which one end of 
the specimen was clamped in a vice and the 
free end vibrated. The vibrations were main- 
tained electromagnetieally, and the oscillations 
were recorded optically and photographically. 

Schu chart ^ tested wire under repeated bend- 
ing. The wire was gripped in curved-faced 
jaws and bent baclfwards and forwards into 
contact with the curved faces. 

Huntingdon ^ applied alternate bending by 
means of an attachment to a shaping machine. 

§ (79) Hardness AKD Abrasion Tests. — An 
examination of the methods employed in hard- 
ness testing shows that each of them falls into 
one or other of two distinct categories. These 
are : 

(i) Indentation testa, in which the surface 
of the material under test is permanently 
distorted by the pressure of a hard steel 
ball, cone, or knife edge. 

(ii.) Abrasion or scratch tests, in which par- 
ticles of the material whose “ hardness ” is to 
he determined are tom away from its surface 
by sliding contact with some other substance 
whose corresponding resistance is so high that 
its surface remains unimpaired by the action. 

If each of these methods were a measure 
of the same definite property of the material 
which is as characteristic of it as, say, its 
elasticity, it is evident that the ratio of the 
results of any tw^o of the methods would be 
the same for every material tested. Com- 
parisons between the results of these various 
tests have formed the subject of several 
researches which have been published during 
recent years. The general conclusions as sum- 
marised by Turner ^ appear to bo that, although 
an approximate agreement may seem to exist 
between the various methods when applied to 
the case of relatively pure metals in their cast 
or normal state, yet w^hen the resistance to 
deformation is due to tempering or to mechan- 
ical treatment no comparison is possible. 

That this should be so would seem to follow 
from the consideration that the resistance 
which any so-called hardness is supposed to 

^ TnL Ah'f<oc. Ted. Ufat. Proc., 1912, Paper Vs. 

^ Stahl vnd Pifien, July 1, 1908. 

3 [mt. of MetahJ., 19 If). 

•' “ Ifartiness,” Iron ami Steel Inst. J., 1009. 


measure is that which the ])ody under test 
exerts against a complex distributitjn of stress 
over its surface ’which has partially d(d<9rined 
or disintegrated it, and it is evident that its 
value 'will depend, not on the stress constants 
of the material such as its yield point, ultiiuate 
tensile and shear stresses, but on intermedia to 
stresses, the precise nature and distribution 
of which are unknown and 'whose ratio to the 
stress constants may not be tbo same for the 
same method. If, therefore, such resistance, 
without quabfication, bo defined as the hard- 
ness of the material in its broadest sense, it 
is clear that hardness is no more a definite 
quality of a material than is the strength of 
a piece of steel of definite dimensions. In the 
latter case, if the nature, amount, and distri- 
bution of tho stress are known, its resistance 
has a definite value 'which can bo calculated. 
The only difference between this case and that 
of the hardness tost is that, since in tho deter- 
mination of hardness there is no ])()SHi])ility 
of estimating the stress magnitude and distri- 
bution, wo are driven more to dimet o1)sor- 
vation of tho consequences of such distribution 
than to a calculation of those oonscquoiiccs 
from the known charaotori sties of tho material. 
Mechanical phenomena of this kind are 
familiar to engineers under other asjiccts, such 
as in the case of the resistance of Rlii})S and 
aircraft to propulsion ; hut whereas in these 
latter cases the problem is to dctcrinino tho 
resultant force exerted by the unknown press- 
ure distribution, in the present case, as in 
the corresponding one of tho rosistanco of 
materials to impact, the unknown quality is 
the ultimate resistance of tho material tc^ the 
unknown stress distribution. In all tbo eases, 
however, the practical motliod of solution is 
an experimental one, and consists of setting 
up a similar, or nearly similar, stat-o of stress 
on a specimen of tho material whoso behaviour 
is under investigation, and noting its (^IfcHits. 

H. Le Chatclior says, “ Tho problem there- 
fore seems to ho to establish two or throe 
methods of reference for hardness, giving as 
widely different results as ])ossihle, so that 
hardness (which is an csseutiahy complex 
phenomenon) may ho studied under all its 
phases. Afterwards, for each, partieular a])- 
plication the reference method which is most 
applicable to tho conditions may ho ust^d.” 

That this view is now being accoptcMl is 
indicated by tho dovel()'f)mont, in recent years, 
of what are called wear tests. J'\)r exampicv 
there arc wear tests for Tuoasuring trhe 
particular form of disintegration ■wlii(‘.h takes 
place on tho surface of shufi rails duo to tho 
rolling abrasion of heavily loaded whecds. 
Tho charactoristics of this kind of wear arc 
tho extremely small aTnount of tho redativo 
movement between rail and wheel and tho 
high intensity of tho compressive stress at 
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the line of contact. On the other hand, there 
are wear tests of lubricated surfaces in which 
the pressure is relatively small and the rate of 
slipping large, and the same conditions of 
wear occur, without lubrication, with pins and 
check gauges. 

§ (80) Indentation Test.s. — The indentation 
method of determining hardness has been 
applied in three ways : 

(i.) By testing the material with itself. 

(ii.) By pressing (statically) a harder material 
into the material under test. 

(iii.) By producing the indentation by drop- 
ping a ball- or cone-pointed hammer on to the 
material and measuring the rebound of the 
hammer or size of the indentation. 

(i.) The Material tested with Itself. — Reaumur^ 
in 1722 shaped right-angled prisms from two 
materials which were to be compared and 
pressed them together. The axes of the prisms 
were at 90°, and the right-angled edges came 
into contact, forming a cross. The relative 
hardness was measured by the depths of the 
indentations. 

A. Foeppl ^ used two cylindrical test pieces 
of the material w'hose hardness was required. 
They were placed one on the other, with 
their axes at right angles, and were pressed 
together in a testing machine. Foeppl used 
the pressure per unit of flattened surface as 
a measure of the hardness, because he found 
that the surface of indentation was propor- 
tional to the pressure applied. 

Haigh ^ has recently re-introduced the test 
with the substitution of square for cylindrical 
or triangular prisms. He gives the hardness 
number as=L/R^, 

where L=the load 

and R = the length of damaged edge of prism. 

Reaumur, Foeppl, and Haigh’s methods are 
shown diagrammatically in Fig. 114. 

The necessity for the use of two test pieces 
is probably the reason why this method of 
test is not commonly applied. There is, 
however, no limit to the hardness of the 
material which can be tested, as the test is 
independent of the use of a harder material 
as an indenting tool. 

(ii.) The Material tested with an Indenting 
Tool (statically ). — ^IVIany difierent kinds of in- 
denting tool have been tried and many ways 
have been suggested to express the relative 
indenting hardness. 

Calvert and Johnson ^ and I^rsch ® deter- 
mined the load required to produce a 
permanent indentation of a given depth, but, 

^ L’Art (U convertir, 1722, pp. 200 and 299. 

“ A 7 in. Phys. Chem. 63, i. 103-108. 

3 “Prism Hardness,” Pist. Meek. Eng. Journ., 
Oct. 1020. „ 

“ Hardness of Metals and Alloys,” Phil. Mag. 
4th series, xvii. 114. 

® Mittheilungen des Tc.k. tcchnologiscken Geiveroe'- 
Museums, Wien, 1891, p. 108. 


whereas Calvert and Johnson used a truncated 
cone and a depth of 3-5 mm., Eorsch employed 
a cylindrical plunger of 5 mm. diameter and 
a depth of O-Ol mm. 

The test adopted in 1856 by the United 
States Ordnance Department ® was a deter- 
mination of the volume of the indentation 
produced by a pyramidal point under a load of 



Reaumur ( 1722 ) Foeppl Haigh ( 1920 ) 

Fig. 114. 


10,000 lbs. A volume of 0-5 cubic inch was 
taken as unit hardness. 

JVIiddleberg ’ used an indenting tool, in the 
form of a curved knife edge, for studying the 
hardness of tyres. The knife edge was 
f inch long, had an angle of 30°, and was 
formed with an edge curved to 1 inch radius. 
The reciprocal of the length of the indentation 
under a load of 6000 lbs. was taken as a 
measure of the hardness. 

Unwin ® also employed a knife edge, but 
in his case it was straight and consisted of a 
piece of hardened and ground J-inch square 
steel, IJ inches in length. Each tool thus 
had four indenting edges having angles of 
90°. The material tested was formed into 
test bars Y ^ ^ knife edge was 

placed on the bar at right angles to its length, 
overlapping it by J inch on each side. The 
hardness number was taken as P/H, 

where P=the load in tons 

and H= the depth of the indentation in 
inches. 

(iii.) Brinell Hardness Test . — The method of 
test devised by J. A. Brinell ^ in 1900 is now 
extensively employed. A hardened steel hall 
is pressed under a known load into the material 
to be tested, and the hardness number is 
taken as the stress per unit of spherical area. 
The reason why Brinell used the spherical 
area is not clear, as there does not appear to 
be any advantage gained by using it instead 
of the projected area (ird^f^). 

" Report on Metals for Cannon, 1856. 

’’ Engineering, 1886, ii. 481. 

® hist. Civ. Eng. Proc., 1897, cxxix. 

® “ Methods of Testing Steel,” Inter. Assoc, Test. 
Mat. Proc.., 1901 (Paris), Ii. 81. 
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If P= pressure in kilograms, 

D= diameter of the ball used in millimetres, 
£?= diameter of the indentation in milli- 
metres, 

7i=t}ie dei^th of indentation in millimetres 
(seeJ^^’g'. 115), 

then A =|-(D - v - d^) mm., 
and the spherical area of indentation 

A=7rD^=^(D- \^D^ — d^) scp mm. 

The Brinell Hardness Number = H =P/A. 

The diameter (d) is usually measured by a 
micrometer microscope. By the use of some 
forms of BrineU instruments the depth (h^) of 
the indentation is taken as the tost proceeds 
(see § (87)). With these instruments the depth 
which is measured is and not h (see Fig. 115). 
It should be noted that, o^vdng to the rising of 



the edges of the Brinell hidentation, is not 
equal to h, and, as the amount of this side ex- 
trusion is not the same with different materials ^ 
under similar conditions, the ratio of hjh is not 
always constant. It therefore follows that the 
hardness number obtained in this way is not 
the hardness number as defined by Brinell. 

It is found that the hardness number varies 
with the diameter of the ball, and pressure 
employed. For strictly comparable results 
fixed values must be used for D and P. The 
values standardised by Brinell are : 

I) = 10 mm. and P = 3000 Idlograms except 
for soft materials, when a value of P=500 
kilograms may bo used. 

(iv.) Variation of Brinell Hardness with 
Pressure and Diameter of Ball. — 0. Benedick ^ 
of Upsala showed that within the range of 
his tests the value of (P x v^I))/A was nearly 
constant, and that with a ball of diameter 
= I)i and load of 3000 kilograms Brinell’s 
hardness number = (Px i!l/DJl0)/A. 

In order to allow for variation of pressure, 
H. Le Chatelier ® proposed the further 
modification 

^ Batson, “ Hardness Tests," Pist. Mech. Bug. Proe., 
Nov. 1918, p. 57G. 

Ri'cherclu's phifsiques et ph]/siro - chimiques sur 
l acier aio carho^iCt ITpsala, 1904. 

“ Revue de Mdtallurgu^ 190C, iii. C89. 


„ P, S/D, 20,000 

10 ^17,000 + Pi’ 

where H = Brinell hardness number, 

Pj^=load employed in kilograms, 

A;i= spherical area of the indentation 
(calculated from the diamctci’) 
in sq. mm., 

Hi = diameter of tho ball used. 

Both the equations suggested by Benedick 
and Le Chatelier are empyrical and only give 
approximate values. 

E. Meyer ^ in some published results in 1908 
showed (1) that P = ntZ% where n is a con- 
stant depending on the material, and a is a 
constant for a given material and given ball 
diameter; (2) that the moan pressure per unit 
area (4P/'?ri7-) is constant for a given angle of 
indentation, whatovor tho diameter of tho ball. 

It follows from Moyer’s law of comparison 
that, as d/D and P/Jtt.'Z- are constant for 
similar indentations on tho same matojial, 
P/D^ is also constant, 
where P= pressure, 

£? = diameter of impression, and 
D= diameter of the ball. 


This relationship is useful where tho piece of 
material is so small that a pressure of 3000 
kilograms cannot be applied with a 10 inm. 
ball. It is then only necessary to use a 
smaller ball and a load determined by the 
above relationshq^ to obtain the standard 
hardness number required; thus, if a ball 5 mm. 
diameter ( = Di)is used, tho load to bo applied is 


PxB,^ 
I) *' ■ 


3000 X 5^ 
10 ^ 


= 750 kilograms. 


Some results obtained by Balcor ® and given 
in Table 31 show remarkably good agroomont 
of tho hardness num);ers obtained in this way. 


Tablu 31 

Comparison of Brinell Harpness Numrers when 
USING Balls of Different DrAMicTiiiRS 


Steel. 

Diameter 
of Ball in 
lum. 

Diameter of 
Impression, 
mm. 

Load. 

kff. 

Brinell 

No. 

A 

10 

0-3 

3()(K) 

85 


7 

4-4 

1470 

85 


5 

3-13 

750 

87 


M9 

0-748 

42-5 

80 

B 

10 

4-75 

3000 

,159 


7 

3-33 

1470 

158 


5 

2-35 

750 

103 


M9 

0-507 

42-5 

158 

C 

10 

3-48 

3000 

300 


7 

2-43 

1470 

308 


5 

1-75 

750 

310 


M9 

0-411 

42-5 

311, 


^ Zeits. Vereincs DcuUch. loig., 1908,]). 945. 
^ Inst. Mech. Bng. Proc., Oct. 1918, p. 540. 
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(v.) /S'ne of Test Piece and Effect of Time on 
the Results and the Applications of the Brinell 
Hardness Test. — H. ]\loore ^ found that 

(1) Tho deiDth. of the indentation in a Brinell 
test should not be greater than 1/7 of the 
thickness of the test piece. 

(2) The centre of the indentation should 
not be less than 2J- times its diameter from 
the edge of the test piece. 

The time durmg which the pressure is 
applied is important. It is found that the 
time effect is most marked up to about 10 
seconds’ application of the load, but after 
about 10 seconds the effect is very small. 
Consequently it is usual in specifications to 
draft the Brinell hardness test clause as follows : 

“ The Brinell hardness test, where specified, 
shall be made vuth a 10-mm. diameter ball 
and a load of 3000 kilograms, which shall be 
maintained for not less than 15 seconds. Prior 
to testing, the skin of the sample shall be 
removed by filing, proper grinding, or machin- 
ing at the point to be tested.'’ 

Among the most important apxjlicatlons of 
the Brinell test are the following : 

(i.) For rapid control of chemical carbon 
determinations during iron and steel smelting. 

(ii.) For testing finished articles without 
damaging the same, such as rails, tyres, 
armour plates, gun-barrels of all kinds, struc- 
tural steel, etc. 

(iii.) For examining the nature of tho 
material in entire or broken parts of machinery 
where tho making of a tensile test bar is 
impossible. 

(iv.) For testing the degree of hardness and 
softness obtainable by the thermal treatment 
of any steel. 

(v.) For testing uniformity of temper. 

(vi.) For ascertaining the effect of the nature 
and temperature of various hardening fluids. 

(vii.) For studpng the effect of cold workrng. 

It has been shovm by numerous observers 
(Ast, BrcuU, Brinell, Charpy, DiUner, Le 
Cha teller, etc.) that there is a close relation- 
ship between the Brinell hardness number and 
the ultimate tensile strength of a material. 

Dillner- finds that, in the case of steel, 
tensile strength in tons/sq. in. =C x Brinell 
hardness number. The values of “C” are 
as folknvs : 




Valiieof'C.” BiUl 


I’le.s.suro normal to 

No. 

the Direetioii of 
Rollnn; 

Preasure in the 
Direction of llullinf?- 

Bc1o\7 175 . 

0*230 

0*225 

Above 175 . 

0*219 

0*206 


^ “ Investigation on the Brinell Method of deter- 
inininR Hardness,” Inter. Assoc. Test. 3Iat. Proc., 
1900, No. 9. 

* “ Besoartlies eoncernins: the Belation between 
Hardness JS'nnilicr and Tensile Strength,” Engineer- 
ing, Nov. 9. 1900, p. 638. 


Unvin ^ deduced the following constants 
from a table compiled by Hadfield : 

T = 0-2H-l-6, 

Y=:0-23H-13-r>, 

where H is the Brinell number (in liilogrammes/ 
sq. mm.), 

T = Ultimate tensile strength in tons per 
square inch, 

Y = Yield stress in tons per square inch. 
§ ( 81 ) Brdtell Hardness Testing 
IMachines. — The Brinell hardness test is quite 
conveniently carried out in any machine in 
which a pressure of 3000 kilograms can he 
accurately applied, such as a universal testing 
machine having a compression attachment, by 
the use of a special tool for holding the ball 
Special machines have, however, been 
developed for the 
purpose, and 
these are of two 
main types ; 

{a) In which 
the load is applied 
by oil pressure 
and measured by 
a pressure gauge 
or dead - weight 
control. 

(6) Dead -weight 
or lever machines. 

(i.) Jachman^s 
Oil Pressure 
Brinell Machine. 

— ^An example of 
the first type of 
machine is shown 
inFig. 116. This 
is the apparatus 
supplied by J. 

W. Jackman & 

Co., Limited, 

Caxton House, 

Westminster, of 
the Aktieholaget Alpha (Sweden) design. 

The hall K is attached to the downwardly 
acting ram of a hydraulic press. The test 
piece is placed on the adjustable table S, 
and is raised into contact with the ball by the 
hand-wheel r. ‘ The pressure is produced by 
a small hand-pump, and may be read directly 
in kilograms on a pressure gauge. The 
machine is also provided with a dead-weight 
control consisting of a piston, accurately 
fitted without packing, carrying a cross bar 
i, small cylinder a, and weights p. The 
small cylinder is connected to the top of the 
press so that the intensity of pressure is the 
same on the piston as on the ram. The 
maximum pressure is regulated by the weights 
p, and when this pressure is reached the 

® Mechanical Properties of Materials,” Inst. Mech. 
Eng. Proc., Oct. 1918, p. 432. 
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piston rises in the cylinder. The pressure 
remains constant as long as the piston “ floats,” 
forming a small hydraulic accumulator. 

The small piston is formed by a steel ball, 
and the piston rod has a cup - shaped end 
which presses on the ball. Any leakage of 
oil past the piston is collected in a receptacle 
d, from which it is returned to the reservoir 
through the funnel t. 

The pressure is released by opening a valve 
V which connects the top of the pressure 
chamber with the reservoir. 

(ii.) Avery's Bead-weight Brinell Machine . — 
The arrangement of this machine is shown in 
Fig. 117. The specimen is placed on the 



Fig. 117. 


A^eighing platen s, and if of any considerable 
size its Aveight is “ fared ofl ” by mo\hng one 
of the sliding poises c upon the weighing 
steelyards until the v/cighing system is 
balanced. The ball h is then brought into 
contact with the test piece by lowering the 
screw by which the pressure is applied. This 
is done quickly by unscrewing the thumb- 
screw A at the top of tlie standard, and 
revolving the screw by the small hand-wheel 
d which is keyed to it. The thumb-screw 


is then screAved up tightly, to secure the 
locking plate / and prevent the rotation of 
the screAA^ The pressure is then applied, by 
means of a Avorm and Avorm-Avheel h operated 
by the large hand-wheel g at tlio side of the 
macliine. The weights p are ‘‘ set ” for the 
prescribed load, and the lifting of the steel- 
yards indicates that this load is applied. 

The system of lovers for measuring the 
pressure is that adopted by W. & T. Avery, 
Ltd., Birmingham, in all their platform 
Aveighing machines, and is found to be ex- 
tremely sensitive to small differences of load. 

The leverage of the machine can bo obtained 
directly by measurement, but it is also 



calibrated by dead - weight loading on the 
platens s. 

§ (82) The Johnson Haudness Testing 
Machine (manufactured by BroAvn Bayloys 
Steel Works, Ltd., Shcflicld). — This ma(diino 
has been dcAdscd to ensure ra]hd and aeeurato 
working and at the same time Aviibstarid rough 
Avorkshop use, requiro practically no attention 
or adjustment, aiul ])c easily niovabk^ from 
place to place AAo'thout detriment. The total 
Avcight of the maohinc is only !()() Dks., and its 
ov'or-all dimensions are 28 x 22 x 9". It will take 
test pieces 41 in. thick, and ihc'i indentation 
can bo made at distaneos up to lU in. from, 
the edge. The arrangoniont of the nnudiino is 
shown in Fig. 118. 

(i.) Description of the Machine.— Bn^ssiiT'o is 
applied to the steel ball A by means of 
the lover B and ball - bearing (UHHaitricj 0 
through the single lover J) and screw .M 
The other ond of the lover I) is lu'ld by an 
eccentric in ball-bearings F, to one of Avliic-h 
is attached the lever (1 and Aveight H. 
The AATight ,K is raised by tbo cc, centric E 
when the ])ressure on* the I'all A readies JOOO 
kilos, and any further movemeut of the 
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operating lever B tending to apply further the other nose carrying a cylinder fitted vith 
pressure on the ball only results in raising a piston, at the back of which is a spring. The 
the weight still more. end of the piston stem projects a short distance 

(ii.) Method of making Test — The specimen and carries a small hardened steel ball B 7 ;^ in- 
to be tested (which must have a smooth fiat diameter. A locking arrangement L enables 

surface) is placed on the table ^ one to adjust the compression on the 

I. The adjusting screw E is f j "r spring, the usual pressure being 22 lbs. 


then brought down until the 
steel ball A rests on the pre- 
pared surface of the specimen. 
The lever B is then pulled 





- - 








• >(y . .. I 
a i'Vi-i’V 


To operate the instrument, the speci- 
men is placed between the anvil and the 
ball, and the plier handles are grasped 
« and the pressure applied. This brings 
•| the specimen into contact %rith the ball, 
and forces the ball and piston back 
until the surface of the specimen comes 
^ into contact with the face 

■ ^ — O through which the ball pro- 

^ jects. Consequently, the 

/r actual pressure between the 
Q specimen is quite 

independent of the pressure 
f_l exerted by hand. 
> The diameter of the in- 
dentation is measured micro - 

scopically and the readings 

are quite definite, even on 
hardened spring steel. 

The instrument found extensive use 
i controlling the manufacture of small- 
J_Y_. arms ammunition. It has also been 
employed for measuring the skin hard- 
ness of many varieties of 
, hardened steel articles. 

© I § (84) Smaxl Machines 

I POR TESni^G THE BRESiTELL 

I Hardness op Thin Sheet. 
— Goodale and Banks ^ de- 
veloped a “ Baby ” Brinell 
machine for testing thin sheet, using a ball 
in. in diameter and a load of 15 kilograms. 
They found that great care had to be exercised 
in the manner in which the load was applied. 
Two methods of operation were tried; viz. : 

(1) The test piece was placed on the anvil 
and the bail pressed on to it until sufficient 


forward until the weight H rises, allowing 
the pawl J to fall into the toothed sector 
K, which will automatically prevent any 
further movement of tlie lever B. The 
load may be kept on for any desired length 
of time by means of the retaining pawl L, 
which is moved in and out of position by 
means of the knurled handle M. In order 
to release the pressure the lever B is replaced 
to its original vertical i:>osition and the adjust- 
ing screw E raised. 

§ (83) Brinell Pliers. — For ascertaining the 
Brinell hardness of small and thin specimens, 
such as cartridge cases, Rudgo Whitworth, Ltd., 
have devised a hand instrument which they 
call Bruiell pliers. They are shown in Fig, 119 
and consist essentially of a pair of pliers one 
nose of which serves as cT.n anvil for supporting 
the cartridge case C or specimen to be tested. 


pressure was exerted to raise the balance beam. 
(2) The test piece was forced, under a given 



Fig. 119. 


load, into contact with the ball. The ball 
remained in a fixed position. 

The second method gave smaller and more 

^ ** Development of Brinell Hardness Tests on 
Thin Brass Sheet,” Amer. Soc. Test. Mat. xix. 75S. 
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consistent results than the first, and ■vvas 
therefore incorporated in the design of their 
final machine. The load \\'as applied by a 
dead weight of 15 kilos, and the diameter of 
the impression was measured with a metal- 
lurgical microscope wntli a 16-mm.’ objective 
and a filar micrometer type of eye-piece. 

Similar work has been carried out in Eng- 
land ; ^ the ball used, however, was 1 mm. 
diameter. 

It is essential for the measurement of small 
indentations that there should be vertical 
illumination. 

§ (85) The Lxtdwtk Hardness Test. — ^I n 
order to overcome the variation in the Brinell 
hardness number vdth load and size of ball, 
Ludwik ^ proposed substituting a 90° cone for 
the ball, and this form of indenting tool is 
now often used on the Continent for the softer 
metals. The hardness number is obtained by 
means of this test in the same way as with 
the Brinell Test, i.e. the test load in kilograms 
is divided by the surface of the conical in- 
dentation in sq. mm., so that if 
B=the load, 

and diameter of indentation. 


Hardness number = H = 


P 

7r(d/2)x(d/v'2) 


=0 9(P/d^) approximately. 


With this apparatus the hardness number is 
the same whatever the load chosen, if the 


material is homogeneous. 

§ (86) Measuring Microscopes for Hard- 
insss Tests. — For commercial work the 


diameter of the indentation is measured to 


the nearest 0*05 mm., and for this purpose 
a microscope wdth a scale in the eye-piece 



Fig. 120. 

is usually supplied with the Brinell apparatus. 
To facilitate the reading of impressions made 
in corners or below the general surface of the 
specimen, the microscope is sometimes j^ro- 
vicled with a special adaptable piece. 

For research -work an accuracy of 0-001 mm. 
is essential, and an instrument such as is 
supplied by the Cambridge & Paul Instru- 
ment Co., Ltd., and shown in 120, is 

^ Moore, “A Small Hall Ilardnoss Testing 
Machine,” IiifiL il/er/o Journ., Jan. 1921. 

“ " Hardness l^'sts,” Inter. Assoc. Test. Materials 
Troc., 1908, No, 0. 


necessary for the purpose. It consists of a 
microscope M clamped to a tube B which 
is supported by the framework of the instru- 
ment and can be traversed by the milled - 
headed screw S having a pitch of one milli- 
metre. The microscope is fitted with an eye- 
piece containing cross-wires and is provided 
with a special focussing mechanism. 

§ (87) Depth Indicators for Hardness 
Tests. — In order to dispense with the use of 
a microscope the depth of the indentation can 
be measured during the test by moans of some 
form of depth indicator. Instruments of this 
type, which can be used in any compression 
machine, are supifiied by Alfred J. Amslor & 
Co., Schaffhouse,^ or the Scientific Materials 
Company, Pittsburgh. 

The depth 7^^ (F/p. 115) is measured 
relatively to the original surface of the test 
piece. This excludes the effect of the extrusion 
round the indentation, and as tlie amount of 
plastic flow varies with different metals and 
different pressures the hardness numbers 
found in this way are not proportional to the 
Brinell numbers obtained in the usual way 
from the diameters. 

§ (88) Impact of Dynamic Hardness. — 
Numerous methods have been devised for 
measuring indentation hardness by the size of 
the indentation produced by energy of known 
amount. This method is complicated by a 
consideration of tlio effect of the rebound of 
the indenting hammer, and there is a (liihu’ciKio 
of opinion as to w'h ether the initial energy of 
the blow or the net energy absorbed in ])ro- 
ducing the indentation should bo considered 
in calculating the results. 

Edwards and Willis ^ used the initial energy 
in calculating the results in their resoare.h on 
impact harclness. Unwin,^ on the other 
hand, is of opinion “ that there should bo a 
single impact and that the energy of rebound 
should ho deducted from the energy duo to 
the height of fall in calculating hardness. He 
doubted the method of permitting successive 
impacts till the energy was expended.” 

A dynamic hai’duoss test was propoiuidr'd 
by Martel ® in 1895. He used a pyr-a,nudal 
point as the indenting tool, and pr’odueed the 
indentation by tlio fall of a ram on to the tool. 
Martel found : 

(1) Tliat the work of the falling ram was 
})roportional to the volume of the indtnit, and 
he therefore expressed hardness a,M Hu^ work 
required to produce unit volutno of indentiation. 

(2) That for equal energies of bIov\^ 
volume of tho indentation was nearly the same, 

® Primrpsc, “ Ifiirdncss Testing,” Inst. ]]lrch. IJng, 
Journ., Oct. J920. 

* Inst. Meek, Eng. Pror., May 1018, pp. Iisn-.'IOO. 

® ” Hardness Tests,” Inst. Mevh. Eng. True., 1918, 
p. .578. . 

“ Commission des Mdt/ivdrs d’Essnis dcs Maldnanx 
do Construction, Paris, 1895, 8cct. A, i). 201. 
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when using indenting tools of slightly different 
form. 

Tlie author carried out a series of ex 2 )eri- 
nients ^ which confirmed the first of Martel’s 
conclusions. He showed further that, when 
using a 10-mm. diameter ball, the ratio of 
the dynamic hardness number to the Brinell 
hardness number was approximately 1-5 over 
a range of Brinell hardness from 20 to 680. 
The dynamic hardness number was taken as 
being equal to the net energy in kilogram 
metres divided by the volume of the indenta- 
tion in cubic centimetres. 

The dynamic method is useful for deter- 
mining the indentation hardness values of 
metals at high temperatures, under which 
conditions the standard Brinell Test cannot 
be conveniently carried out. The indenting 
tool in the d^mamic test is in contact with the 
specimen for such a short interval of time that 
it is not appreciably affected by the heat. 

§ (89) Dynamio Hardness Testing 
Machines. — A moving anvil block is supplied 
by W. & T. Avery - to adapt their Izod pen- 
dulum impact machine (see § (100)) for dynamic 
hardness tests. 

§ (90) The Pellin Hardness Testing 
Apparatus ® is made in Paris by Ph. & F. 
Pellin, and is specially designed for deter mining 
the hardness of thin materials. The indenta- 
tion is produced by a falling bar of known 
weight having at the lower end a steel ball 
2-5 mm. in diameter. The 
release of the indenting tool is 
arranged electromagneticaUy. 

§ (91) The Auto Punch, 
designed by Rudge Whitworth, 
Ltd., and shown in Fig. 121, 
is a convenient and service- 
able form of impact hardness 
tester. It was originally 
de.signed for testing case- 
hardened surfaces, but has 
proved valuable in testing 
materials of every grade of 
hardness, even pure lead. 

It consists essentially of 
a Icnurled hollow cylinder C, 
from one end of which pro- 
jects a plunger P which ends 
in an adapter and cap for 
carrying a J-inch hardened 
steel ball B. The other end 
of the Auto Punch is closed 
by a screw-in end, in which 
is fixed centrally a pawl -operating rod J x 3 in. 
long, the object of which will appear shortly. 
Behind the sliding hammer is a spring which, 
in the case of the 12 - inch Auto Punch, 
requires about loO lbs. pressure to compre.ss 

^ Batson, “ Hardness Tests,” Inst. Meek. Eng- 
Proc., iSTov. 1018, p. 57C. 

Engineering, xeiv. 353. 

=* Ibid., April 20, 1917, ciii. 374. 


it. A 6-inch Auto Punch spiing requires 
about 40 Ihs. The internal mechanism is 
shown in Fig. 121a. The plunger is reduced 
to about inch diameter for about 1-7 inches 
at its inner end. This part of the plunger is 
small enough to 
pass right through 
the hole in the slid- 
ing hammer, and 
will do so when 
the sliding pawl is 
moved sideways by 
the pawl-operating 
rod already referred 
to. 

When the Auto 
Punch is not in use 
the inner end of the 
pltmger rests on the 
pawl in the sliding 
hammer. When the 
ball is applied to 
the article to be 
tested, and the 
knurled barrel of 
the Auto Punch is 
pressed towards the 
article, the hammer 
is forced back, com- 
pressing the spring, 
and continuing to 
compress it until 
the taper end of 
the pawl-operating 
rod presses the 
pawl to one side, 
and allows the com- 
pressed spring to 
drive the hammer 
forward until the 
front face of the 
latter strikes the 
end of the larger diameter part of the plunger. 
The kinetic energy of the hammer is, of course, 
nil up to the moment of its release, so that 
however rapidly or slowly the Auto Punch 
may be worked, the energy of the sliding 
hammer will be the same. This energy wiU be 
used up in deforming and heating the hammer 
and plunger where these strike one another, 
also the specimen and ball. Although the 
energy of the hammer is practically constant, 
the proportion of the total energy delivered to 
the specimen varies according to the hardness 
of the specimen. The softer the specimen, 
the greater is the proportion of the total 
energy spent in deformiug it. 

The diameter of the indentations produced 
by the Auto Punch follow those produced by 
the Brinell tests on the same class of material. 
If a BrineU Standard Block is emploj^-ed to 
check from time to time the readings of the 
Auto Punch, the latter instmment can be 
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used as a quick way of ascertaiiimg the 
approximate Brinell hardness. In cases where 
an Auto Punch is used to ascertain whether 
deliveries are to the specified Brinell hardness, 
it is wiser to use the Auto Punch as a “ work- 
.shop ” gauge, and to employ the Brinell 
machine as an “ inspection ” gauge on all 
specimens which the Auto Punch shows 
to be near one or other of the limits of 
hardness. 

§ (92) The Shore Scleroscope is a rebound 
instrument for measuring hardness. A small 
diamond -pointed hammer about f inch long 
and J inch diameter, weighing oz.,is allowed 
to fall freely from a height of 10 inches. The 
height of rebound of the hammer is measured 
against a scale, graduated into 140 equal parts, 
and is taken as a measure of the hardness. 
The shape of the diamond striking point is 
slightly spherical and blunt, being about 0-020 
inch in diameter. 

The instrument is one which depends on 
the production of a permanent indentation 
by this point, the rebound being diminished 
by the work expended in producing the 
indentation. With rubber no permanent 
indentation is produced, and the height of 
rebound is the same as that from a moderately 
hard steel. 

The instrument is provided with an ingenious 
automatic head by means of which the hammer 
is lifted and released by air pressure from a 
bulb. 

The Scleroscope and Brinell hardness scales “ 
have been shown to be generally closely related 
throughout the hardness range. The Brinell 
hardness number divided by six is approxi- 
mately equal to the Scleroscope number ; the 
ratio appears to increase from 5*5 for soft 
steels to 8-0 for materials of over 700 on the 
Brinell scale. The applications of the Sclero- 
scope are therefore similar to those enumerated 
for the Brinell test in § (80). 

The Scleroscope readings have been found 
to be slightly dependent on the size of the 
piece tested. This variation can be con- 
siderably reduced by clamj^ing the test piece 
to a firm foundation. Most materials are 
mechanically hardened by indentation. It is 
therefore important to ensure that the material 
is not tested tvnee on the same place, otherwise 
high results are obtained. 

§ (93) Abrasion or Scratch Tests. — The 
abrasion test has been applied in three ways : 

(1) As a scratch test. 

(2) By drilling or grooving with a hardened 
steel tool or diamond. 

(3) By wealing away with or without an 
abrasive. 

^ “ An Instrument for testing Hardness,” Aimri- 
am Mnehinist, 1007, xxx. 845; also “The Sclero- 
scope,” Amer. Soc. 7'rttt. Mat. Proc., 1910, x. 490. 

“ Stanton and Batson, “ Hardness Tests Ee- 
Bcarch,’' Pist. Mec?i. Eng. Proc., Nov. 1916, p. 093. I 


§■(94) The Scratch Test. — The scratch tost 
has been frequently used in conjunction with an 
indentation hardness test. In 1722 Reaumur ^ 
used both methods. As an indication of 
scratch hardness he tested metals against a 
bar whose hardness increased from one end 
to the other ; the position on this bar which 
the metal under test w-'cnld scratch indicated 
its hardness. Mohs was the first to give a 
scratch hardness scale, which is still largely 
used by mineralogists. Ton minerals were 
arranged in order from 1 to 10 in such a way 
that each would scratch the one next below 
it on the list. Talc wus taken as having a 
hardness of “ one ” and diamond a hardness 
of “ ten.” 

(i.) Turner's Sderojueter.^ — In this device 
a balanced lever is — 

(1) Provided at its free end with a diamond 
point fixed in a vertical pencil. 

(2) Loaded with a sliding weight and cali- 
brated in order that the sliiiing weight can 
be set to represent known weights at tbo 
point. 

(3) Supported in such a way that it can be 
rotated. ■ 

The hardness number is the smallest weight 
in grammes which will produce a scratch just 
visible to the naked eye on the smoothed and 
polished surface of the specimen. 

A series of scratches arc made with diminish- 
ing w^eights, and the hardness is taken a.s the 
mean between the least weight which will 
produce a scratch and the greatest weight 
which will not produco a scratch. 

A. Martens,® in order to make tbo test moi’c 
definite, defined the scratch hardness number 
as the load in grammes under which a conical 
diamond (90°) produces a scratch O-Ol min. 
in width. 

(ii.) A. L. Parsons ’ further modified the 
Scleromcter by ajiplying the load on the 
diamond point by a spring in such a way that 
the pressure increased as the point W'as drawn 
across the tost piece. The ])laeo at which the 
scratch commcnc‘cd w^aa noted, and the cori’o- 
sponding load was taken n,s the hardniws 
number. 

(iii.) The Quadrant Bdcromctcr. — Tliis 
instriimont has been devised in the .Rudge- 
Whitworth Laboratory. The method eni])l()yed 
is to apply a hardened edge or series of liardoned 
edges to the surface of the test jiieco in sucdi a 
direction that slixiping ensues until they “ bite ” 
the surface of the article. 

The instrument is made in various ty])ea 
for testing cither flat surfaces, pins, or the 

* Tjart da Oonverlir, 1722. pi). 290 and 299. 

“ Ornndriss der Mineralogic, 1822, part i. p. 
37 4, 

® Birmingham Phil. fioc. Proc. v. part II., 1887. 

“ Bitzungsberichta des Vernnes zur Bcfdrdcrmig 
des Qcwerhfleisacs, 1888, p. 41, and 1889, p. J97. 

’ Amer. Journ. of Sciimce, Feb. 1910. 
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inside of cylindrical surfaces. Fig, 122 shows 
a pin under test. 

Two specially cut flat rods or files and Fg 
are employed, and the upper one is raised until 
it makes an angle of about 80° with the lower. 
The pin P is then placed between them and 
the “ file ” lowered until it “ bites ” the pin. 
The angle at this point is an index of the 
scratch hardness of the article. 

The theory of the instrument has been 
worked out by H. L. Heathcote,^ who has 
shown that the angle is practically independent 
of the weight and size of the article to be 
tested. A soft bar holds the top file up so 
that it makes an angle of about 70°. A hard 
bar will not hold the top file up until the 
angle falls to about 15 to 20°. Hardened and 
tempered bars give readings between 20 and 
70°3 according to their surface resistance to 



Fig. 122. 


abrasion. The instrument can also be em- 
ployed for measuring the coefficient of friction 
between one material and another, one being 
attached to, or substituted for, the upj)or arm, 
and the other for the lower. 

§ (95) “ Drilling or Grooving ” Hard- 
ness. — S. Bottone ^ measured the resistance 
to wear as the time required to produce in the 
material a cut of definite dcptli with a soft 
iron disc rotating at constant speed and pressed 
with constant force. 

A. Haussner^ defined cutting hardness as 
the resistance, per square mm., to planing, 
when using a cutting angle of 90°. 

Jaggar^ rotated a diamond point imder 
constant pressure and at a uniform rate, and 


^ Iron and Steel Inst. Journ., May 1914. 

® “ Eclatiou entre Ic poids tatomiciiie, le poids 
sp6cifique et la duret6 des corps,” Chemical NewSy 


1873, p. 215. 

® ” Das llobeln von Metallen,” Mitt, dcs- Tc.k. 
technolog. Gewerhe- Museums, Wien, 1802, ii. 117.^ 

* “ A Microscleromcter,” Amer. Joum, of Science^ 
Dec. 1807, iv. 309. 


gave the number of rotations of the point to 
reach a fixed depth as the hardness. Bauer 
and Keep 5 both defined cutting hardness as 
the rate at which a steel drill, running at 
constant speed and luider constant pressure, 
drills the material. 

§ (96) Wear Tests, (a) Using an abradant 
or an abrading wheel (pure abrasion). — Felix 
Robin® used cylindrical specimens (50 mm. 
diameter), which he rubbed under knovm 
pressure on papers covered with abrasive 
powders. Rosiwall defined abrasive hardness 
as equal to (1/loss of volume), by grinding 
with an abradant. Behrens ® used a standard 
powder and measured hardness by the time 
required to polish. 

Gary® determined the resistance to wear 
by the amount of abrasion caused by 
a sand-blast, and experimented chiefly 
with stones, artificial minerals, and timber. 
W. H. Warren^® also used the sand-blast on 
timber. 

Jannetaz and Gold berg, and Stoughton 
and Maegregor^^ measured the comparative 
loss by grinding. The latter, who also carried 
out indentation hardness tests, found that 
the two methods gave different comparative 
results. 

(b) Wear by sliding lubricated abrasion. — 
Deiihon constructed a machine in which a 
specimen was pressed on to the circumference 
of a polished wheel turning at a speed of 
3200 revolutions per minute in an oil bath. 
The wear was measured by the loss in weight 
or reduction in diameter in thousandths of 
a millimetre after 2,000,000 turns of the 
wheel. 

(c) Wear by dry rolling abrasion. — Sanitcr 
devised a machine for testing the wearing 
properties of rail steel under dry rolling abra- 
sion. In this method the specimen (A), 5 
inches long and 0-5 inch diameter, was :feed 
in a chuck (B, Fig. 123) revolving at 4000 r.p.m. , 
and carried near the free end a ball-bearing (C). 
of inner diameter 1 inch, loaded to produce a 
pressure of 205 lbs. at the point of contact. 
The inner ring of the baU-hearing (D, ^ inch 
wide) was rotated by friction by the test piece, 
causing the latter to wear. The resistance of 
the material to rolling abrasion was taken as 

® Keep, “ Hardness or the Workability of Metals,” 
Amer. Soc. Mech. Eng. Tracis., Dec. 1900, abstract in 
Iron and Steel Inst. J,, 1901, i. 496. 

® Iron and Steel Inst. J., 1910. 

’ Verhand. Jc.k. geol. Reichsanstalt, 1896, xvii. 475. 

* Anleitung zur mikrochemischen Analyse, 1895. 

® Baumaterialmikunde, x. 136. 

“ Strength. Elasticity, and other Properties of 
N.S.W. Hardwood Timbers,” Report Dept, of 
Forestry, N.S.W., 1911. 

Assoc. Franc, p. VAvanc. d. Sc., Aug. 9, 1895. 

“ Hardness Tests,” Arner. Soc. Test. Mat. Proc., 
1911, xi. 707. 

” See Nusbaumer on “Hotes on Abrasion Tests on 
Metals,” Inter. Assoc. Test. Mat. Proc., 1909. 

Iron and Steel Inst. J., 1908, iii. 73 ; also Inter. 
Assoc. Test. Mat. Proc. ii. No. 9, paper iii./l. 
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being inversely proportional to the reduction remaining fixed relative to the machine. The 
in diameter in ten- thousandths of an inch slip per revolution was then = 7r(D -a) inches, 
after 200.000 revolutions of the test piece. The results indicated that there was very little 

A similar test was used })y Stanton and hardening of the surface of the material under 
Batson ^ for a series of experiments on hard- 
ness tests. The dimensions of the test piece, 
etc., were made slightly larger than those 
employed by Saniter. 

It was shown that the resistance to rolhng 
abrasion was approximately proportional to 
the ball hardness number, but that the com- 
parison was not a safe one, as there were 
frequently cases in which a considerable de- 
parture was found from tliis ratio, e.g, man- 
ganese’ steel which was well known to be 
susceptible to hardening under pressure. The 
results confirmed Raniter’s conclusions, and ) not disclosed by an ordinary tensile tost, but 

the analysis of sucli 
diagrams requires 
considerable ex- 
perience. 

It has, occaaimi" 
ally, been found 
that a material 
which has satisfive- 
torily passed tlio 
ordinary tonsilo tost 
fails in practice in 
a manner which 
cannot bcaccouiihHl 
for by errors in de- 
sign. Investigation 
has sliown that, in 
some cases, i)airts of 
machinery which 
have failed in this 
way have bo<5n aub- 
TiG. 123. jcadtal to shocks. 

Lo nsee[ucn t ly, 

showed that what was actually measured was various methods of tost have been devisiul to 
the resistance to disintegration of already de- give a dolinito indication of the shock-resisting 
formed material, and that this resistance properties of materials. 

depended on the amount of deformation pro- § (98) Notched Bar Thsts. — Frcodoin fi'om 
duced, and had little relation to the material the tendency to crack at sharp corners, wluni 
in the unstrained condition. The method, as the variations of sti’oss considerable, is a 
a means of predicting the relative resistance property which is very doHirablo in maii(M*ialH 
to wear under conditions of rolling abrasion for engineering work. In order to obijiin t.liis 
with heavy loads, was comparatively rapid and information about materials “ britileiu^ss ” 
gave the information desired. tests, in which the tost piece is not(di(Hl so as 

{d) Wear by diy sliding abrasion. — The to limit the piano of fracture and the eon- 
Saniter test was carried out with high pressure traction of area, are om])loyod. 
and very small relative motion. Stanton and These notched bar tests are made in t(Hision 
Batson ^ also carried out a series of tests on or bending. The test ])ioco is usually brok(m 
dry slidmcj abrasion, in which the amount of hy a single blow in impact, and iJio eiuugy of 
relative motion was Za/ye and therefore corro- fracture obtained directly from tho loss of 
spondiiig to the wear of juns, collars, etc. energy of tho striker. 

This was done by connecting the abrading In 1909, Oharpy,'-^ in a report on im])act tests 
ring (diameter = D) to tho clmck by means of on metals, shows that a static tension t(^st is 
an Oldham coupling, so that both ring and more cflicaciously 8up])lomentcd by a notrdKHl 
specimen (diameter = r^) completed a revolu- bar bending tost than by any otlu^r test, a.nd 
tion in the same time, tho line of contact 

“ “Oillcial Teport on Impact Ti'sis of Mi'iab,” 
^ “ IlardnoHs Tests Research,” Inst. Mech. Jing, Inter. Assoc, Test. Mai, Proc., 1909, JS('. 7, pa])i'r 
Proc., JS'ov. 1<> 19. p. 093. 1 iii./l. 



these conditions, and that the Brincll har-dness 
number was not a safe guide in predicting tho 
relative resistances to wear of a miscellaneous 
selection of steel. 

§ (97) Impact and Notched Bar Testiniu 
— There is no doubt that the tensile tost, as 
usually carried out, does not give all the in- 
formation about a material it is essential that 
an engineer should know. A careful oxamiiia- 
tion of a complete load extension diagi'ain, 
however, reveals differences, such as those duo 
to heat treatment and mechanical treatment. 
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bds results seem to indicate that the notched 
bar bending test gives information regarding 
the fragility of materials which other tests do 
not easily furnish. Charpy in the same report 
shows that materials which give good results 
with this impact test have stood well in 
practice, whereas the same class of materials 
giving low values fail, although the results 
from the ordinaiy static tensile test is the 
same in both cases. 

The originator of this method of testing 
ax:)pcars to have been M. Barba of Le Creusot, 
who in 1900 desciibed the results of his ex- 
periments on the detection of bnttleness in 
steel by tests on flat specimens, notched with 
a 45° notch on both sides to 0-35 times the 
thickness, the radius at the bottom of the 
notch being 0-2 mm. and the total width of 
the specimen 30 mm. The specimen was fixed 
in a hoilzontal position between jaws, with 
tlie notch directly over the edges of the jaws 
and having a piece of the specimen 25 mm. 
long projectmg from the jaws. This piece 
was struck by a falling weight of 18 kilo- 
grams. Each specimen was provided vith 
a number of notches at spaces of 25 mm. along 
the sj)eciinen, and by maldng a series of tests 
at dilferent heights of fall it was possible to 
predict the energy of blow which would just 
break the specimen. 

It was soon realised that this method of 
testing revealed marked ditferences in the 
])ehaviour of materials wliieh were not de- 
tected by the ordinary tensile test, and other 
investigators (Le Chatelier, Charpy, Fremont, 
etc.) carried out experiments, the results of 
which were communicated to the Congress 
of tlie International Association of Testing 
Materials held at Buda Pesth in 1901. 

The report of a commission, ax^pointed at 
this congress to investigate the notched bar 
test, wTxs discussed at the congress held in 
Brussels in 1900, hut no advance was made in 
the matter of standardisation except an ex- 
X)rcssion of opinion that the test gave in- 
teresting information. The German Associa- 
tion for hlcthods of Testing Materials there- 
upon took the matter ux^ and issued a report 
in 1907, in which they recommended the Charpy 
method of testing. This consists in the use 
of a notched 30x30 x160 mm., 

SLii)j 5 orted horizontally at the ends on knife 
cdgcis of given form and struck in the centre, 
()j)X)osite the notch, by a pendulum. The 
notch was formed by drilling a hole 4 mm. 
diameter in the bar and saving through from 
one side, lea\ing a depth of 15 nim. behind 
the notch, as sliowm in Fig. 124. Thesx^an is 
120 mm. 

The question of notched bar testing was 
again bi’ought forward at the International 
Congress held at Cox^enhagen in 1909, who 
recommended the 30 x 30 x 160 mm. Charpy 


test piece, with an alternative specimen, 
geometrically similar hut one-third of the 
size, where the larger dimensions could not he 
obtained. The matter was further discussed 
at New York in 1912, and the recommenda- 
tions of 1909 were confirmed. No particular 
machine for carrying out the tests xvas selected, 
hut further testing research on axDparatus and 
test pieces of different sizes xvas suggested as 
being desirable. 

The recommendations of the International 
Association for Testing Materials have never 
been fully recognised. For most test work 
the standard 30 x 30 x IGO mm. test piece has 
been found to be too large, and difficulties 
have been experienced with the notch of the 
geometrically smaller test piece. 

Fremont suggests a test piece 10 x 8 x 30 
mm., placed horizontally on supports 21 mm. 

Striker 



span, with a notch 1 mm. deep and 1 mm. 

I wide (square shape, and made on the broad 
side at the centre of the length). Fig. 
125. 

In most cases a test piece 10 x 10 mm. in 
cross-section is used, but the form of notch is 
varied. Several well-knowTi tjqpes of notch 
are given in Fig. 125. The beam test pieces 
are usually 60 mm. long vith a span of 
40 mm. 

§ (99) Notched Bab Testing in Britain. 
— A considerable amount of w^ork has been 
carried out, in Britain, on the notched bar 
test. Yarrows developed a notched bar test 
in 1902, in which the test bar was broken by 
more than one blow. Valuable information 
appears to have been obtained by this test as 
to the brittleness of steels used for connecting 
rod bolts. 

In 1903, Izod^ introduced a single-blow 
notched bar testing machine, in which the 
specimen is held in a vice at one end and is 
struck by a faUing pendulum at the other. 
This method is the one which is commonly 
adopted in this country at the present 
time. 

^ EngvieerUigy Sept. 25, 1903. 



202 


ELASTIC CONSTAOTS 


Seaton and Jude ^ carried out some tests in 
1904, in which, the test piece was broken by 
a number of blows, the test bar being reversed 
between successive blows. 

In 1908, Stanton and Bairstow^ and Har- 
bord ^ communicated results of experiments 
to the Institution of Mechanical Engineers. 
The main point brought out by Harbord's 
paper was the variability in the results of 
individual tests of specimens of the same 
material. It was shown that two identical 
test pieces from the same bar of ordinary 
commercial steel gave results varying from 
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each other by over 60 per cent. This varia- 
bility has been attributed to — 

(1) The mode of testing. 

(2) The heterogeneity of the material under 
investigation. 

Experiments pubhshed by Charpy and Cornu 
Thenard ^ show that by careful selection and 
heat treatment it is possible to obtain, in the 
course of experiments in notched bar tests, 
carried out on bars of steel of different natures 
or of copper, a degree of uniformity analogous 
to that obtained by means of tensile or hard- 
ness tests. Variability in the results is there- 
fore not due to the mode of testing but to 
differences in the material under test. 


^ “ Impact Tests on Wrouctht Steels of Commerce,” 
Imt. Eng. Froc... 1004, pt. iv. 1135. 

2 “ Resistance of Materials to Impact,” l 7 ist. 
Mech. Eng. Proc., Nov. 20, 1008, and JfievuG de MetalL, 
March 1009. 

“ “ Dill’erent Methods of Impact Testing on 
Notched Bars,” Imt. Mech. Eng. Proc., Oct.-Dec 
1908. 


^ “ New Experiments on Shock Tests,” 
Steel Inst. Journ., No. 2, 1917, p. 61. 


Iro7i and 


By 1914 there was conclusive evidence that 
there could be large variations in the resistance 
of notched s])ecimcns of different materials to 
impact, without any coiTCsponding variation 
in any of the characteristics brought out by the 
ordinary tensile test, and there \vas ovidenoo 



that this variation was due to correct or 
incorrect heat treatment. 

§ (100) Impact Testing Machines, (i.) Th& 
Izod TeM . — The Izod impact teat has of recent 
years come info groat prominence in Govern- 
ment specifications, owing to the groat demands 
made by war conditions. 

The original Izod machine had a striking 
energy of the hammer 
of 23 ft. -lbs., and the 
test piece wms 2 in. 
long, ^‘ths in. wide, 
and -/^ths in. thick, 
with a vee notch 
0-05 in. deep. 

The present stand- 
ard machine made 
by W. & T. Avery, 

Ltd., Soho Foundry, 

Birmingham, has a 
capacity of 120 ft. -lbs. 

The cross-section of 
the test piece is 
10 X 10 mm. and it 
is notched with a 
45° vee notch, 2 mm. 
deep with a root 
radius of 0-25 mm. 

The machine is 
shown in Fi<j. 126, and consists of a licavy 
base B on to which arc bolted two standards 
Sj, Sg supporting the pivot of the pendulum. 
The pendulum P swings on ball bearings and 
strikes the apeeimen held in the vice, cantilever 
JasUon, its point of contact witli tbo sporimen 
being a hardened steel knife edge. The form 
and angle of the knife edge is shown in Fig. 127. 
The specimen is gripped in a vice V in such a 
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position that the bottom of the notch is level 
with the top of the vice. Fig. 128. 

The specimen, in being broken, absorbs some 
of the energy from the pendulum, which is 
measured by the continued and diminished 
svdng of the pendulum moving an idle pointer 
over a graduated scale. The pendulum swings 



less as the resistance of the specimen is greater. 
The scale is graduated to give the actual 
energy in foot-pounds absorbed by the blow. 
The standard three-notch test piece is shown 
at B in Fig. 129. 

(ii.) The Cliarpy Pendulum Machine . — ^The 
small Charpy machine has a power of about 30 
kilogrammetres (217 ft. -lbs.) and a maximum 
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striking velocity of 5*28 metres per second 
(17 ft. 4 in. per sec.). The principal part of 
the pendulum consists of the hammer M, 
shaped as shown in Fig. 130, and suspended 
at the end of a b'ght hollow bar. The centre 
is suspended on baU-hearings, and an index 
hand is mounted with an easy frictional fit 
and travels over a graduated semicircular dial 
with the hammer when this rises up after 
fracturing the test specimen. The latter is 
held in cast-iron supports in the two uprights 
which are bolted down to a cast-iron bedplate. 


The hammer is raised up for action hy hand, 
and is held up by a catch operated directly hy 
a small lever D. The drop is constant and 
1*420 metres (4 ft. 7J in.) in height. A 
hand brake B, worked by the hand lever 0, 
enables the hammer to be stopped rapidly 
after fracture of the specimen. The weight of 
the falling parts, position of the centre of 
gravity, and heights of drop counted from the 
centre of gravity, are all determined experi- 
mentally. The angle of rise after fracture is 
read ofi from the graduated semicircle. The 
difference between the height of fall before 
fracture and rising back after fracture gives 
the work absorbed. It is, however, necessary 
in research work to take into a.ccount the fric- 
tion and energy absorbed by the fragments of 
the test specimen ; the latter may be considered 
to take the same velocity as the pendulum it- 
self. The weight of the test specimen being very 
light compared with that of the pendulum 
hammer, the correction is very slight and can 
be neglected in ordinary practice. 

In order to determine the work absorbed by 
friction the pendulum is cansed to oscillate 
freely and the decrease in the oscillations due 
solely to friction is noted down. This gives a 
table of corrections. The required correction 
can also be arrived at by noting the angle of 
rise of the pendulum following that causing the 
fracture. 

A larger machine is made, and this has 200 
kilogrammetres energy and a striking velocity 
of 7*8 metres per second. 

(iii.) Ouillery Machine {Rotary Tup ), — The 
latest model of this machine is shown in 
Fig. 131. It consists of a flywheel having a 
“ breaking knife ” attached to it. This knife is 
arranged so that it can assume two positions : 

(1) Hidden in the rim of the wheel. 

(2) Projecting from the rim of the wheel in 
which position it is required for breaking the 
test piece. 

The position is controlled by “studs ” on 
the casing of the machine and operated by 
centrifugal force due to the rotation of the 
wheel. 

The rotation of the flywheel operates a smaU 
centrifugal pump which elevates a coloured 
liquid in a tube. The machine is designed so 
that when the liquid is at the top of the tube 
(and reading zero on the energy scale) there is 
60 kilogrammetres of energy in the flywheel. 
When the flywheel is still, and the hquid is 
at its lowest level the reading is therefore 60. 

The test bar is placed horizontally on knife 
edges which have a 40-mm. gap. The front 
of the machine is covered with a door which 
is automatically locked when the “ knife ” is 
out and the flywheel in motion. 

•The test is made by rotating the flywheel 
to a speed slightly in excess of that correspond- 
ing to the zero of the energy scale. The gear 
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is then disconnected and the wheel speed 
allowed to decrease. Immediately the liquid 
in the tachometer tube reads zero the “ out *’ 



Section A-B 



Details of Hammer and Knife edges 

Ida 130. 

stud is j)rcssed, the knife springs out and 
breaks the test piece. The absorption of 
energy from the flywheel lowers the speed and 


the tachometer reading gives the energy lost in 
producing fracture of the test piece. The Icnife 
is then set “ in ” bv pressing the “ in ” stud. 

(iv.) FreDioiit 
Machine, — Tho 
Fihmont im])a(^t 
machine consists 
of a hammer of 
lOto 15 kilograms, 
which has on its 
underside a hai’d- 
ened steel V- 
sliapcd striker. 
The test picoo is 
placed horizon- 
tally on knife 
edges having a 
gap of 21 mm., 
so that when the 
hammer falls from 
a height of 4 
metros the striker 
hits it midway 
between tho siip- 
porta and exactly 
opposite to tho 
notch. 

End View I c d i a t o 1 y 

after tho blow of 
the striker the underside of the hammci’, wliich 



Fia. 131. 


then only possesses tho energy not al)Horhod 
by tho test pierce, strikes against lui anvil 
carrying iwo housings provided with icmp(u*(Kl 
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steel springs. The springs jneld under the 
blow of the hammer and register by their de- 
flection the energy remaining in the apparatus. 

Knowing the initial energy of the hammer, 
the energy absorbed in fracture of the test 
piece is found by taking the difference. 

(v.) The Amsler 7 d-hilograminetre Pendulum 
Impact Testing ^lachine . — Tins machine is on 
the same principle as the Charpy machine, but 
some of the details are slightly different. 

The pendulum is held up by a hook attached 
to a rope which is wound round a windlass. 
The tup is released, by detaching the hook by 
means of a special release, and falling freely 
sidings up on the other side of the machine 
after having broken the test bar. Instead of 


§ (101) Further Particulars of Notched 
Bar Tests. — The leading particulars of the 
five principal types of notched bar machines 
are as follows : 


of Macliine. 

Striking 

EnergjY 

Eg.M. 

Striking 

Velocity. 

Metres/Sec. 

Charpy (pendulum) . 

30 

5*3 

Amsler (pendulum) 

75 


Izod (pendulum) 

16-G 

3-5 

Fremont (falling tup) . 

20 or GO 

8-85 

Guillery (rotary tup) . 

60 

8-85 


The notched bar test is principally used 
as a means of detecting a dangerous cou- 


Table 32 

Izon Tests on I^Iaterials Correctly and Incorrectly Heat-treated 


Materials. 

Heat 

Treatment. 

Limit of Pro 
portionality. 
Tons/Sq. In. 

Yield Point. 
Tons/Sq. In. 

ITltiinate 
Stress. 
Tons, Sq. In. 

Elongation. 
Per cent. 

Eeduction 
of Area. 
Per cent. 

Average 

Izod 

Figure. 

Ft.-lbs. 

Nickel chrome steel — 
Bar SSI . . 

C'Orrect 

40*4 

47-8 

55-5 

28-6 

64*0 

78-0 

Bar SS2 

Incorrect 

39-6 

45-9 

54-3 

26-5 

G3-7 

9-1 

Nickel chrome steel — 








Bar SHI 

Correct 

34-8 

44-0 

59-3 

2G-0 

Gl-9 

62-1 

Bar SH2 

Incorrect 

34-8 

45-0 

60-3 

23-0 

44-2 

8-0 

Nickel chrome steel — 
Bar SS3 

Correct 

26-0 

44-0 

54-9 

26-0 

67-0 i 

1 

81-7 

Bar SS4 

Incorrect 

35-2 

44-3 

54-3 

24-5 

; 64-0 1 

14-8 

Nickel chrome steel 

1 Correct 

32-3 

44-3 

55-2 

26-7 

69-5 

79-5 

Incorrect 

31-9 

42-1 

53-8 

29-4 

! 68-5 

15-9 


Table 33 

Cjiarpy Tests on IMaterials Correctly and Incorrectly^ Heat-treated (Charpy Method — Izod Notch) 


Materials. 

Heat 

Treatment. 

Limit of Pro- 
portionality. 
Tons/Sq. In. 

Yield Point. 
Tons/Rq. In. 

Ultimate 
Stress. 
Tons, Sq. In. 

Elongation. 
Per cent. 

Reduction 
of Area. 
Per cent. 

Energy 

to 

Practure 

Kg.M. 

M , . 1 

Correct 

18-3 

19-1 

27-9 

42-2 

62-8 

6-35 

13oilcr jilcitc e • ^ 

Incorrect 

14-2 

18-3 

26-9 

31-6 

59-1 

0-88 

Nickel chrome crank ( 

Correct 

27-0 

33-0 

45-2 

21-0 

59-2 

10-74 

shaft i 

Incorrect 

20-0 

32-9 

44-0 

23-5 

57-0 

2-27 


swinging back accain, as in the Charpy macliine, 
it is held in ])ositian by a cord passing round a 
drum and acting as a brake. 

On falling from one side, transverse (bend- 
ing) tests arc made, while tensile tests are made 
v'hen the pendulum falls from the other side. 
The energy in the hammer before and after 
the test is registered on two movable straight 
scales by the movement of the pendulum. It 
is so arranged that the second scale raises the 
pointer on to the first scale and indicates the 
actual energy absorbed. 


dition of microstructure due to faulty heat 
treatment. 

The large variation in the energy absorbed 
in the Izod test due to alteration of heat treat- 
ment is well shown by the figures in Table 32, 
taken from a paper by Philpot.^ 

Some tests by the author on a piece of 
boiler plate and nickel chrome crank shaft are 
given in Table 33, and show the same kind 
of variability with heat treatment. 

1 “ Some Experiments on Notched Ears,” In&l. 
of Automobile Eng. Proc., April 1918. 
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Bagnall Wild has sho\ra that the brittleness 
in steel resulting from a high percentage of 
sulphur and phosphorus is weU. marked by 
the Izocl test. He says, “ Certain steel for 
making nuts and bolts was found to contain 
sulphur and phosphorus in excess of OT per 
cent ; such steel invariably failed to give any 
higher reading than 2 to 3 ft. -lbs. on the Tzod, 
whereas a steel of exactly similar composition 
and with similar treatment but vuth sulphur 
and phosphorus below 0-06 per cent gave an 
Izod test figure of over 40 ft. -lbs.’' 

§ (102) Dimensions of Stand aed Test 
Pieces. — Although there are several impact 
testers in Britain of the Premont and Guilleiy 
type, the majority of the test houses use 
Izod or Charpy machines. The dimensions 
of test pieces for these machines have been 
standardised and are shown in Fig. 129. It 
vill he noted that in each case the cross- 
sectional dimensions are 10 x 10 mm. and that 
the form of notch is the same (the Guillcry 
machine uses the same size of test pieces as 
the Charpy machine, while the Fremont test 
piece is smaller and is described in § (98). 
The form of notch selected, and sometimes 
called the Izod notch, is a 45° vee, 2 mm. 
deep, mth a root radius of 0-2o mm. 

§ (103) The Angle of the Notch. — Ex- 
periments by Thomas^ at the Watertown 
Arsenal show that, with mild steel, the angle 
of the notch does not appreciably affect the 
results until it has exceeded 45°. The results 
that Thomas obtained are given in Table 34. 

§ (104) Root Radius and Depth of Notch. 
— The 10 X 10-mm. test i)iece in which the 
notch is formed by a drilled hole IJ miu. 


The shape at the bottom of the notch has 
an important effect on the work absorbed in 
fracture, which has its least value when the 
angle at the bottom of the notch is as nearly 
zero as possible. 

Results by Dix,^ summarised in Table 35, 
and by the author (Table 36) show this effect 
very clearly. 

Table 35 

Effect of Radius at the Bottom of the Notch 
ON THE Energy absorbed in Fracture 

Nickel chrome steel rod, I" in diameter 


Table 36 


0-65 per cent carbon steel, veo notches, 2 mm. deep 



Energy absorbed in 


Eraciure 

Root Radius of Notch 

(Charpy Machin<‘). 

in miu. 





El,.-lhs. 

Kg.M. 

Sliarj) 

A -05 

O-GG 

0-17 

G-8C 

O-Of) 

0-34 

8-31 

1-15 

0‘G8 

13-7 

1-80 


Form of Notch. 

Energy absorbed in 
Kracturc 

(CUiarpy Maciune). 

2 mm, deep (45° vee) sharp 

Ft.-lbs. 

21-6 

Kg.M. 

2*99 

2 mm. deep (45° vee) 0-25 \ 

25-0 

3*d0 

j mm. root radius / 


2 mm. deep (parallel aides) ) 

40-3 

5*57 

1 mm. root radius j 


TAliLE 34 


Effect of Variation op Angle op Notch on the Energy amhorbed 



Charpy Impact Values. 



Angle of Notch. 
Degrees. 

iMaximum. 

Ft.-lbs./fSq. 111 . 

Mnimuin. 

Average of 0. 

Anglo of Bend. 
Degrees. 

BriiKdl 

Hanliu'ss No. 

0 

304 

266 

285 

15*8 

79 

15 

346 

283 

316 

15*2 

77 

30 

323 

284 

298 

15*0 

81 

45 

382 

304 

334 

29*5 

80 

GO 

571 

51G 

539 

54*2 

80 

75 

890 

818 

854 

130 

78 

90 

830 

806 

814 

136 

78 


diameter, proposed by the International 
Association of Testing Materials, cannot bo 
produced economically on the majority of 
alloy steels. 

The form of notcli selected as a standard, 
viz. 45° vco notch, 2 mm. deep and U-25 mm. 
root radius, does n(jt suffer from this objection 
as it can bo easily produced oven on the 
hardest steels. 

^ “ Clharpy Impact Tests on Heat-Treated Steels,” 
Amer, ISoc, Tost. JMat. Proa., xv. 75. 


It has boon found that tluj sliaipor the notch 
is made, the bettor tlio test diHcriminatcH 
between brittle and tough Tnatorials, that is 
to say, that as tho material tested l)c<K)nics 
tougher tho effect of altoratkm of tho root 
radius is less. 

It is unsatisfactory, commercially, to stand- 
ardise a dead sharp notch as it is diflknilt 

- ” Single Blow Notched Bar Impact Tost a,s used 
in the American Industry,” Anier. Soc. Test. Mat. 
Proc.j 1919, xix. part ii. 72J.. 
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to be always sure that it is produced. A root 
radius of 0*25 mm. has been selected as it is 
found that, ivuth a radius of this size, the test 
is still effective in the detection of faulty heat 
treatment. 

It has also been foimd that shallow notches 
increase the energy to fracture of tough 
materials relatively to that required for brittle 
materials. 

§ (105) Shape op Test Piece. — Philpot ^ 
found that a round test piece can be produced 
which can be used for acceptance tests on 
heat-treated steels in place of the standard 
square specimen. The latter is, however, far 
the more desirable from the point of view of 
testing and, by properly rigging up for quan- 
tity production, it can be prepared by a pair 
of straddle mills just as economically as the 
round test piece. 

§ (IOC) CoMPARTSOK OF Tests on Different 
Machines. — Philpot ^ has made a comparison 
of tests in the Charpy (beam) and Izod (canti- 


size of test piece, notch, distance between 
supports and radii of supports and striker are 
uniform. 

§ (107) Effect of Striking Velocity on 
TBOE Energy to Fracture. — Both Belanger 
and Fremont have found a variation of the 
energy absorbed in fracture with striking 
velocity but in opposite directions. Charpy 
has found that the influence of the rate of 
impact is practically negligible within limits 
which do not exceed those of appliances gener- 
ally employed in the testing laboratory. 

Some tests carried out by the author show 
that, on a machine of the Charpy type at 
striking velocities up to 4.3 ft. per second, 
increasing striking velocity may either increase, 
decrease or imalter the energy absorbed in 
fracture according to the material upon which 
the tests are made. In any case the effect is 
not appreciable until after a velocity of 16 ft. 
per sec. is reached, as is shovm by the results 
in Table 37. 


Table 37 


Effect of Striking Velocity on the Energy absorbed in FRAcnnEE 


Material. 

Energy absorbed in Eracture. 

Striking Velocity. 

Eg.M. 

Ft.-lhs. 

Metres/Sec. 

Fcet/Sec. 

(‘ 

4-03 

29-1 

2-7 

9 

1 

3-83 

27-7 

4-9 

16 

Mild steel . . . . , 

2*77 

20-0 

6-J 

20 

1 

2-00 

14-5 

8-8 

29 

1 

2-90 

20-9 

4-9 

16 

R 

Iron ... . 

2-80 

20*2 

6-6 

2U 

( 

1-47 

10-6 

13-1 

43 

1 

4-00 

28-9 

2-7 

• 9 

Nickel chrome steel . . 

4-40 

31-8 

4-9 

IG 

1 

5*44 

39-3 

13-1 

43 

1 

1-03 

7-5 

2-7 

9 

Medium carbon steel . 

1-05 

7-6 

6-1 

20 

1 

1-05 

7-6 

13-1 

43 

_ _ ..j 


lover) machines on the standard 10 x 10-mm. i 
tost piece with the 45° standard notch, 2 mm. | 
deep and 0-25 mm. root radius. He finds 
that, where the energy absorbed is less than 
70 ft. -lbs., notched bar tests, made in either 
the Charpy or the Izod machines, give similar 
values, but where the energy absorbed in 
fracture is greater than 70 ft. -lbs., there is a 
tendency for the values from the Charpy 
machine to be somewhat higher. 

Charpy and Cornu Thenard ^ have made a 
series of experiments, with a steel specially 
prepared to give consistent results, on “ beam ” 
machines of three different types (pendulum, 
vertical drop, and rotary) and have found 
that, in regard to energy absorbed in fracture, 
the results are practically identical when the 

^ “ Some Experiments on Notched Bars," Inst, 
of Automobile Eng. Proc., April 1918. 

« KM. 

® “ New Experiments on Shock Tests,” Iron and 
Etcel Inst. Journ. No. 2, 1017, p. 61. 


§ (108) Slow Bending Tests on Notched 
Bars. — ^It has been shown by Philpot ^ and 
others that, if a notched bar test piece is 
broken shjwly, the work expended is com- 
parable with that measured by an impact 
machine (at moderately low strildng velocities) 
and is equally as effective in distinguishing 
between certain brittle and tough materials. 

As an average of a large number of tests 
Philpot found that the energy absorbed in 
the slow bending test is about 75 per cent of 
that given by an impact test (in two or three 
cases the energies obtained by the two 
methods are approximately equal), and he 
attributes this difference to energy dissipated 
in the pendulum testing machine. The strik- 
ing velocity in Philpot’s impact tests did 
not exceed 3*5 metres per second, and his 
conclusions only hold up to that value. 

Philpot for his slow bending tests uses an 
ordinary Brinell machine, and measures the 
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deflections of the specimen for different loads 
by means of a microscope. The results are 
plotted and the area of the curve is integrated 
in order to obtain the total energy absorbed. 
The, Humphrey Autographic Notched Bar 
Testing Machmej made by the Foster Instru- 
ment Company of Letchworth, is devised to 
carry out this class of test rapidly and con- 



veniently and in a manner giving the maxi- 
mum information as to the mateiiai in a 
minimum time. It is illustrated diagram- 
maticallv in Fig. 132, and photographically in 
Fig. 133. 

The test piece A is gripped in the \dce 
B, so that the jaws of the vice are in line 
with the notch in the test piece. The socket 
0 is attached on the projecting end of the 
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test piece, and is a reasonably close fit thereon. 
A bending stress is ap])lied to the test piece 
by means of the winch I) and the wire R, 
^v'hicli is attached tcf the outer end of the spring 
bar F. The inner end of the spring bar is 
firinly fixed to the socket C. The outer end 
of the spring ])ar is supported by tivo rollers 
G and G^^. liie socdcct C carries also a rigid 
bar H. 

The deflection of the spring bar F is a 
measure of the bonding moment ap])licd to 
tJic test j)iccc. Since the rigid bar H is 


not subjected to any bending mom out it 
wiU move through the same angle as tlie socket 
C, and this movement will therefore lie a 
measure of the bending of the test piece. 
The pen J shdes upon the rigid bar H, its 
position being determined by the thin wires 
or cords K and L, wiiich are kept taut by a 
light spring M. One end of the wire K is 
attached to a post N so that as the rigid bar 
H moves in conseipience of the bonding of 
the test piece, the wire K will draw the pen 
to the right. The point of the pen marks 
upon a calibrated chart P carried on the 
spring bar F, therefore, if the test i)ieco 
offers no resistance whatever to bending 
force the pen would draw^ a horizontal lino 
on the chart, the Icngtli of wiiich is propor- 
tional to the angle through which the test piece 
is bent. As, how'ever, the tost ]hcce docs offer 
resistance to bending there will ho a resulting 
movement between the spring bar F and the 
rigid bar H. 

The pen, therefore, draws a diagram showing 
the relation between bending moment a]) plied 
and angle of bending throughout the duration 
of the test. The total energy absorbed in 
the brealdng of the test piece can bo obtained 
from the area of tliis diagram. 

The machine can also bo fitted wit/li an 
integrating device so that the cnci’gy absorbed 
can be read directly from the madiino. Tliis 
device is shown in Figs. 132-3. The wire K 
passes round a pulley Q. Hiie pulley (}, is 
attached to a spindle having at its low^er end 
a friction disc K, so that the l)ciKlirig of the 
test piece wiiich results in the movement of 
the pen to tlio riglit also n^sults in a projior- 
tionate rotation of the Priction disc It. 

The under faeo of this disc rests upon the 
edge of the friction wiieii, not ahow'n. diio 
spindle of the friction wheel is carried with 
the chart plate upon the s]U'ing bjir F. 
When the bending monu.mt is zero the fricrion 
wheel is at the eciitro of tlio friction disc, 
but as bending moment is ap]>Uc(l, and there 
is relative movement between the spring 
bar F and the rigid bar 11, the friction 
wheel travels tow^ards the circumfenuuio of 
the friction disc, and is c.ons(‘(|U(u\tly T’otated. 
The rotation will bo pro])ortiomd to tlie product 
of the bending moment applied and the anglo 
of bending of the test ])icee, and ibis device 
will therefore integrate the total onei-gy 
absorbed in breaking the t(‘Ht (liecc. Mounted 
upon the outer end of the spimllo whieh carrii^s 
the friction wheel is an index disc S wiiich can 
be calibrated to read direct in ft. -lbs. 

§ (109) Tjcrts o'n Specimens ok Dikkehent 
Sizes. — A trustworthy relation has not Ikhmi 
found between the energy to fracture in t(‘st 
pieces of different sizes; there is, how'cver, 
evidence that it is probably dilTori^iri on 
different materials. This is shown from an 
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examination of the results in. Table 3S, which 
gives the results of notched bar impact tests 
on two different steels with geometiically 
similar test pieces. 


gives the ductility in the same terms as the 
static tensile test, namely, elongation and 
contraction of area, but always with higher 
numerical values. The breaking stress of 


Table 38 

Tests ox Geometrically Simelab Specimexs 


Dimensions 
of Specimen 
in mm.' 

Energy to Fracture. 

Steel A. 

Steel B. 

Kg.M. 

Eg.M./Cm.=. 

Kg.M./Cm.“. 

Kg.M. 

Kg.M. 0m.=. 

Kg.M./Cm.L 

lOxlOx 53*33 

4-77 

5*96 

0-89 

l-28‘ 

1*60 

0*24 

30 :< 30 X 160 

60 

8*33 

0*42 

36-3 

5*04 

0*25 

63x63x336 

296 

9-32 

0-22 

197 

6*20 

0*15 


■* The notch for the 10 < 10 test piece was a 45" vee, 0-25 mm. root radius and 2 mm. deep. The 
notches for the larger test pieces were geometrically similar. 


It .will be noted that : 

(1) The energy absorbed is not proportional 
to either the square or the cube of the dimen- 
sions of the test piece. 

(2) With the 10 x 10-mm. test piece, steel A 
takes 3i times the energy that steel B does, 
but with the 63 x 63 -mm. test pieces it is only 
1| times. 

There is apparently a scale speed factor 
in the law of resistance of notched specimens 
to sudden shock w'hich appears to be of 
extreme complexity. 

§ (110) Tests on Unnotcheb Bars. — ^With 
geometrically similar unnotched test bars, 
cither beams or tensile test pieces, the energy 
absorbed in fracture for the same material is 
proportional to the volume of the test piece. 

Hatt,^ in 1904, as the result of some 
experiments in dynamic tension, came to the 
conclusion that, for steels, there is little 
difference in the total elongation and the 
unit work in fracture whether the fracture 
is brought about in 10 minutes or 0-01 seconds. 
Stanton and Bairstow ^ in 1908 and Dehkhow ^ 
in 1909 (using a drop hammer type of machine) 
have also shown that the tensile impact test 
{i.e. dynamic tensile test) gives numerical 
values which agree with the results of the 
static tensile test. 

Blount, Kirkaldy, and Sankey,^ in the 
summary to their paper on steel testing 
methods, say that “ the impact tensile test 

^ Tensile Impact Tests of Metals,” Amer. Soc. 
Tcfit. Mat. Proc., 1904, iv. 282. 

= ” Resistance of Materials to Impact,” Inst. Mech. 
Eng. Proc., Nov. 20, 1908, and Revue de MdtalL, March 
1909. 

“Note on the Rupture of Normal Cylindrical 
Test Samples hy Longitudinal Impact,” Inter. Assoc. 
Test. Mat. Proc., 1909. 

‘ “ Comparison of the Tensile, Impact Tensile, 
and Repeated Bending Methods of Testing Steel,” 
Inst. jSlcch. Eng. Proc., 1910, May 27, 

VOL. I 


the material can he inferred, but must he 
reduced by^ a factor in order to obtain the 
same numerical value as given by the static 
test ; also it only gives the breaking stress. 
The energy absorbed per cubic inch does not 
vary greatly with the various types of steel ; 
it is approximately 50 per cent more than 
that obtained by the static tensile test, and 
is also no definite criterion of the type of the 
steel ; at any rate, of normal steels containing 
a small proportion of phosphorus. From the 
experiments referred to by Breuil ^ it would 
appear that steels containing an undue pro- 
portion of phosphorus give a much smaller 
energy per cubic inch with impact tensile 
tests.” 

§ (111) Tests under Repeated Bending 
Impact. — In 1908 Stanton ® carried out ex- 
tensive investigations on the method of testing 
by repeated impact, and devised a machine to 
reproduce stress conditions which are met with 
in certain machine parts in actual use, where 
the effect of alternating blows is produced 
on the material at positions where there is 
a rapid reduction of cross-section. The test 
bar, 0-500 inch diameter and 6-5 inches long, 
is supported on knife edges 44 inches apart. 
The test piece has a groove turned round the 
centre of the sjjan 0-05 inch deep, so that the 
effective diameter at the bottom of the groove 
is 0*400 inch. The groove is in the form of 
a vee, w’hose angle is 55° and root radius 
0*01 inch. The test piece is fixed in the 
machine, where it receives blows at the rate 
of about 90 per minute from a hammer whose 
weight is 4-71 lbs., and of which the height 
of fall is adjustable. 

® Revue de n'Acanique, 1908, p. 537. 

® “ Resistance of Materials to Impact,” Inst, Mecn. 
Eng. Proc., Nov. 20, 1908, and Revue de mitall., March 

1909, 

P 
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Between, each blow the bar is turned through 
180° and the test is continued until failure 
of the test bar. The number of blows to 
cause failure is recorded by a counter. 

A series of tests is usually made on each 
material with varying energies of blow, and, 
by plotting the energies of blow as ordinates 
and the number of blows to fracture as ab- 
scissae, a curve is obtained from which useful 
information as to both the impact strength 
and fatigue strength of the material can be 
obtained. In Stanton’s original paper it is 
clearly stated that when the number of blows 
is less than 500 the results approximate to 
those of the single blow impact test, and that, 
when the number of blows for fracture exceed 
100,000, the results are in the order of the 
fatigue ranges of the materials as determined 
in a Wohler test. During the war it has been 
a common practice to compare materials by 
the number of blows required to cause fracture 
when the height of the fall of the tup is kept 
constant. As the height of fall selected causes 
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Fig. 134. 


fracture after from 4000 to 6000 blows the 
results cannot bo properly interpreted. 

The results from tests on steel correctly 
and incorrectly heat-treated are given in 
Table 39 and plotted in Fig. 134. It will be 
noted that the incorrectly heat-treated bars 
are considerably weaker as regards notched 
bar impact, but slightly stronger under fatigue. 


a notch very similar to the standard Izod 
notch, W’-hich is easily reproduced. A notch 
0-05 inch wide and 0-05 inch deep with 
parallel sides and practically sharp corners 
has been sometimes used in conjunction with 
this test. 

The Eden-Foster machine, manufactured 
by the Foster Instrument Company, Letch - 
worth, is a close copy of Stanton’s original 
machine and embodies its principal features. 

The illustration (Fig. 135) gives a general 
idea of the external appearance of the machine. 
The main spindle, not shown in the illustration, 
projects through the side of the box casting, 
and is driven by an electric motor with 



FXG. 135. 


Table 39 ’ 

Repeated Bexding Impact Tests on Boiler Plate 

CORRECTLY AND INCORRECTLY HeAT-TREATED 


Energy of 
Blow. 
Inch-lbs. 

1 Number of Blows to cause Failure. 

Material correctly 
Heat-treated. 

Material incorrectly 
Heat-treated. 

3-53 

3886 

5871 

4-71 

2356 

2913 

5-89 

1636 

1450 

7-35 

1043 

629 

1 13-32 

474 

259 

24-46 

155 

61 


The test bar previously described is the one 
adopted bv 8tanton for his research, and has I 


suitable gear or worm reduction. About 
0-1 horse -power is required to drive the 
apparatus. 

The main spindle carries a dog clutch 
driving a cam, which has a rollcT bearing on 
its upper surface and attached to the lower 
end of the rod H.. Fixed on tlui rod It is an 
arm J which engages with the lower face of 
the hammci- M ; thus, when the rod II rises 
by rotation of the earn, the hammer M is 
lifted. The guides for the hammer consist 
of two sots of three point screws carried by 
two castings attached to the standard G 
and its fellow on the opposite side. 

Mounted on the standard G is a sleeve 
W, free to jrotate about the standard, but 
normally held in a fixed position by a Bj)ring 
L. Clamped on the sleeve W is an adjust- 




ELASTIC CONSTANTS 


211 


able catch K. As soon as the arm J has 
lifted the hammer sufficiently, the spring L 
causes a partial rotation of the sleeve W, 
so that, when the arm J again descends, the 
hammer is held by the catch K The 
further descent of the arm J brings its lower 
inclined face in engagement with the roller 
N, attached to the sleeve W, in such a 
manner that the catch K releases the 
hammer M, allowing it to fall upon the 
test piece 0. The hammer M is furnished 
with a hardened tool-steel tup. Two hammers 
are provided to allow for a wide range of 
tests, the weights being 5 and 2 lbs. respect- 
ively. The height of drop, which depends 
upon the position of the adjustable catch K 
on the sleeve W, can be varied from 1 to 

inches. 

The test piece is carried by two hardened 
steel bushes in the plummer block PP. It is 
rotated through 180° between successive blows, 
the rotation being arranged so that it begins 
and ends entirely between the successive 
blows. 

The revolutions of the test piece are 
recorded by a counter V, and the number of 
blows is found by multipl 3 nng the counter 
record by two. When the test piece breaks, 
it comes in contact with an arm X, and 
thereby trips the clutch and stops the 
machine. 

The test piece is driven, through a universal 
joint, by the chain S, free-wheel and clutch 
T. One end of the chain is attached to the 
roller, at the lower end of the rod H, which 
bears on the cam, and the other end carries a 
suitably guided weight. 

All the gear is fixed to the casting which 
forms the cover of the low'er tank casting. 
The latter is partially filled with oil for 
lubrication of the surfaces. 

§ (112) Effect of Tempeuature on the 
Mechanical Properties of Metals. — Many 
parts of macliinery work at temperatures con- 
siderably above or below the normal, and it 
is essential for the purpose of economy and 
safety in design that the more important 
effects of temperature on the mechanical 
properties of materials should be well under- 
stood. 

§ (113) Testing Apparatus. — The oldest 
method used for testing at temperatures above 
that of the air was that of heating the test 
piece in a furnace, transferring it to the testing 
machine, and conducting the test very quickly 
in air. The values obtained by that method 
were very unreliable, and in recent tests the 
samples have been immersed in a hot hath 
for the whole duration of the test. 

The medium used in the hot bath can either 
be a liquid or gas, hut it is essential that the 
heating medium should neither attack nor 
alloy with the test piece. Suitable materials 


for liquid baths are given in the follo-wiag 
table : 


Material. 

Temperature used 
in C. 

Water . ... 

Paraffin . . . . ! 

Mineral oil ... 

Nitrate of potassium and 
nitrate of sodium J 

Lead and tin . 

Up to 100 

1 Up to 200 

; Up to 350 

350-600 

300-400 


Air is nearly always used for the gas bath, 
but it causes oxidation of the test sample, 
and for special cases the test may he carried 
out in vacuo, nitrogen,^ or carbon dioxide.® 
Rudeioff^ made use of baths of steam (up 
to 100° C.), naphthalene vapour (200° C.), and 
naphthylamine vapour (300° C.). 

The heating of the hath is carried out in 
several ways : 

(1) By gas jets arranged underneath the 
test piece, which is held horizontal. This 
method is adopted by Unwin ® for a liquid 
bath, and by Charpy ® for an air hath. 

(2) By gas jets above a horizontal test piece — 
adopted by Le Chatelier.'^ 

(3) By gas jets at the sides. This is used 
in conjunction with a vertical testing machine 
by Martens ® and Bach.® 

(4) Steam-heating coils are used for tests 
on 50-feet lengths of copper wire, up to 
temperatures of 60° C., carried out at the 
National Physical Laboratory.^® 

(5) Electric heating coils are used by 
Stribeck,^^ and Hopkinson and Rogers. 

Eor general convenience the ' last method 
is to be preferred. Two electric furnaces, 
successfully used at the National Physical 
Laboratory, are given in Figs, 136 and 137. 
They are both used in connection with a 
vertical testing machine. 

A platinum furnace for temperatures up to 
1200° C. is shown in Fig. 136. The heater (a) 
consists of a platinum strip, 0-75'^ x 0-0007'^, 
wound on a fire-clay cylinder (outside diameter 
2'25 inches, thickness 0-187 inch, and 13| 
inches long), with a pitch of 1 inch. The 

^ Rosenhain and Humphrey, Iron and Steel Inst. 
J.. 1913, No. 1. 

= Hopkinson and Rogers, Frigineering, 1905, ii. 
331 

® Bengough and Hanson, Inst, of Metals J 1914. 

* Milt. a. d. Kgl. Techn. V ersuchsanstalten zu 
Berlin, 1893, p. 292. 

® “ The Strength of Alloys at Different Tempera- 
tures,” Report of Brit, Assoc., 1899. 

® Bulletin de la SocUU d’ encouragement, 1896. 

’ BaumaterialJcunde, 1901, p. 157. 

8 Mitt. a. d. Kgl Techn. V ersuchsanstalten zu 
Berlin, 1890. 

8 Zeiis. Vereines Deutsch. Ing., 1900, p. 1749; 1901, 
pp. 168 and 1477 ; 1903, p. 1762 ; 1904, pp. 385 and 
1300. 

Batson, “ Hard-drawn Copper Wire,” Collected 
Researches, N.P.L., 1912, viii. 

Zeits. Vereines Deutsch. Ing., 1903, p. 559. 

Engineering, 1905, ii. 331. 
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ends of the strip are clamped in position on 
the cylinder by metal clips L. A steel case 
B (about 8 inches diameter and 1/16 inch 
thick) surrounds the 
heater, and the space 


Aletal Clamping Strip 

<DK 




^ThermoCouple(f) 

TermfntS 

Sectional Elevation 


Diagram showing 
method of winding 
the Platinum Strip 
on the Heater. 



Sec ion on line A-B. 
PIG. 136. 


between the two is 
packed with asbestos 
and magnesia fluff. 
The whole is clamped 
between two end 
plates Cl and C 2 , on 
one of which two 
insulated terminals 
are fixed; these are 
connected to the two 
ends of the platinum 
heating coil. The 
furnace, which is 
slung from the top 
shackle of the testing machine, takes a current 
of 15 amperes. 

Fig. 137 shows the 600° C. furnace. With 
this furnace the heater is formed with ni- 
chrome wire wound on to a brass tube A 
(2^ inches diameter and 15 inches long). 
The tube is bound with mica, before winding 
the -uire, in order to insulate it, and over 
the wire a binding of asbestos string is placed 
so as to keep the former in position when it 
expands on rise of temperature. The heater 
is surrounded by a steel case B, 7 inches 
diameter, and the space between the two 
is filled with asbestos fluff. Two steel xflates 
Cj and Co are bolted together, clamping the 
heater and outer case between them, and are 
arranged to connect the furnace to the frame 
of the testing machine at and Eo. . The 
endfi of the lieating coil are connected to two 
insulated terminals on the top plate. No. 18 
ni-chrome wire, ha'sdng a carrying capacity 
of 11 amperes at 500° 0., is used for the heater. 
The wire is coiled closer at the ends, in order 


to allow for the conduction of heat tlirotigh 
the shackles and give uniform heating over 
the central 3 inches to 4 inches of the furnace. 

In another furnace of tlic same type the 
conduction of heat through the shackles is 
equalised by having the main heating coil 
wound at constant pitch throughout its length, 
and supplementing this by two further coils, 
one wound at each end of the furnace. These 
coils are w^ound over the main coil, mica in- 
sulation being inserted, and are connected to 
separate circuits. 

§ (114) Arrangement op Testing -machine 
Grips AND Rate op Loading.— It is important 
that the size of test ynecc, form of grips, and 
length of furnace should he canflully ]u'()]ior- 
tioned to obtain uniform heating of tlio tost 
piece. Itis found that either high cliromium low 
carbon or high tungsten high carb(jn steels (i.o. 
13 per cent 
chromium, 

0*35 per cent Inaulated Terminala 
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'Mica Inaulation 
on tho Brass Tube 
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(A)- 

Braas tube wound with 
Ni- Chrome wire. Wired 
closer at the ends to 
allow for conduction 
through the shackles 

carbon or 18 
per cent 
tungsten, 0*6 
per cent car- 
bon), give tho 
most satis- 
factory hold- 
ers for teats 
at over 600° 

C., as they 
combine a 
fairly high 
tensile 
strength with 
freedom from 
scaling. Of 
the two steels 
the former 
scales very 
Httlo, while 
the latter, 
although it 
scales a little more, has a slightly higher 
tensile strength at high temperatures. 

Uniformity of speed in loading is an im- 
portant condition for strictly oompnrahlo 
results. As tho speed of loading iiuiroases 
larger strength values are obtained. Lo 
Chatelier found tluit with hard-drawn c()p])or 
wire te.stcd at 250° C., the ultimate breaking 
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strength increased from 11*4 to 21-6 tons per thermos flask is a convenient receptacle for 
sc£uare inch as the duration of the test decreased the ice and cold junction, 
from 1800 seconds to 20 seconds. Both Le Various combinations of metals are used for 
Chateher and Stribeck have shoTvn that the thermo-couples, according to the maximum 
elongation of copper diminishes with reduction temperature for which they are to be used : 
in the speed of loading. (a) Base metal thermo-couples. 

§ (115) Temperature Measurement for Iron-constantan (wires) thermo-couples for 
Strength Tests. — With liq[uid baths sufficient temperatures up 
accuracy can usually be obtained by taking the to 600° C. Iron- 
temperature of the liquid, but it is essential constantan 
that the test should not be carried out until (rods) thermo- 
uniformity of temperature is attained. couples for tem- 

With an air-bath there is incomplete conduc- peratures up to 
tion of the heat between the surrotmding air 800° C. 
and the test piece, and it is necessary that the (b) Rare metal 
temperature of the sample be directly measured, couples. 

This is most conveniently carried out by means Platinum — 
of a thermo-electric pyrometer, which can platinum and 10 
either be placed in a hole drilled down the per cent rhod- 
test piece, as was done by Bregowsky and ium for teni- 
Spriag,^ or laid close against the sample and peratures ’ up to 
bound to it vith asbestos string. 1400° C. 

The thermo-electric pyrometer consists of Platinum — 
three distinct parts, viz. : platinum and 10 per cent iridium for tempera- 

(i.) The thermo-couple ^ which receives the tures up to 1400° C. 
temperature. It is essential for temperatures above 800° C. 

(ii.) The indicator from which the tempera- that the couple should be protected by quartz 
tures are observed. or porcelain tubes. A thermo-couple placed 

(iii. ) Leads connecting the thermo-couple to in small porcelain tubing is seen at P {Fig, 
the indicator. 136). 

The thermo-couple consists of two wires, A The indicator is usually a sensitive moving 
and B, of different composition. The ends of coil galvanometer of Idgh internal electrical 



A and B are j oined 
together and form 
a circuit. ■ One 
junction is placed 
in a known tem- 
perature, usually 
zero, while the 
other is placed 
against the 
material whose 
temperature is to 
be ascertained. 
The difference in 
temperature be- 
tween these ends 
sets up an electro- 
motive force 
which is propor- 
tional to the tem- 
perature differ- 
ence. ThisE.M.F. 
is measured and, 
by means of a 




calibration, gives 


Fig. 139. 


the temperature. 

The cold junction is usually placed in ice 
in order to ensure a constant temperature A 


^ “ Effect of High Temperatures on the Physical 
Properties of some Alloys," International Association 
for Testing Materials, 1912, vii./l. 

- 8co “ Thermocouples," § (2). 


resistance, having the scale marked in tem- 
perature readings which depend upon the 
type of thermo-couple employed. It is gener- 
ally an advantage to also have the instru- 
ment provided with a scale giving its readings 
in millivolts. 
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Complete thermo-electric pyrometer outfits 
are supplied by various firms of instrument- 
makers. Fig. 138 shows the ty^^e of indicator 
which the author has found most suitable for 
ordinary high temperature test work. It is 
supplied by the Cambridge & Paul Instru- 
ment Company. 

§ (116) Determination of Elastic Limit 
AND Yield Point at High Temperathiie. — 
In the majority of high temperature furnaces 
the test piece is not visible during the test, 
so that the yield point, if one exists, cannot 
he obtained by noting the extension by a 
pair of dividers, and the attachment of an 



extensometer is more difficult than with tests 
at air temperature. 

In 1890, Martens ^ adapted his mirror ex- 
tensometer for high temperature work. The 
test piece tt [Fig. 139 (A)) was turned down in 
the centre at cd. The extensometer clips were 
attached at h on the lower enlarged end, and 
were carried out of the furnace for attachment 
of the measuring rhombs at a. The extension 
was therefore measured on the length ah, and 
correction was made for the extension of the 
enlarged ends in order to obtain the extension 
of the gauge length cd. 

Rudelofi,^ in 1895, slightly modified Martens’ 

^ Mitt. a.d. Kgl. Teckn. Versuchsanstalten zu Berlin, 
1890. 

“ Ibid., 1895, pp. 29 and 198. 


arrangement, and used two pairs of clips, m and 
n (Fig. 139 (B)), with the mirror rhombs p 
between them. Here again the true elonga- 
tion has to be obtained by calculation ; the 
length of the thick part, however, is small, 
and as the whole of the measured length is in 



the furnace, the observations are uninfluenced 
by variations of temperature. 

Lee and Crowther,^ in 1914, adapted Rude- 
lofi’s arrangement of clips to a horizontal 
testing machine ; they, however, attached them 
to the reduced part of the test piece. 

In Figs. 139 (C) and 140 is showm the high 
temperature extensometer which is proving 
very useful at the National Physical Labora- 



PlG. 142. 


tory. This is a combination of the best 
features of both Rudelofi and Lee’s extenso 
meters, with the addition of two micrometers 
for measuring extensions beyond the elastic 
limit. The clips aa and bb are attached to 
the reduced part of the test piece by C springs 
and protrude from the furnace. The inner 
clips aa are guided on flats on the tost piece 
holders by small rollers c. Mirrors and 
® Engineering, 1914, xcvili. 487. 
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rhombs are placed between the clips, and the 
whole is clamped together by a special spring 
attached to notches on the outer clip. 

Extension of the test piece causes relative 
movement between the clips aa and 66, and 
therefore rotation of the mirror rhombs pp, 
which is measured in the usual way by a tele- 
scope and scale. The relative movement of the 
clips is also measured by two micrometeiB ee 
attached to the inner clips and worldng against 
the outer ones. 

Curves for tests on phosphor bronze with 
this instrument are shown in I'igs. 141 and 142. 
Fig. 141 gives the elastic line and limit of pro- 
portionality at temperatures of 20, 120, and 
288° C.f plotted from results with the rhombs 
and miiTors, and Fig. 142 shows the full stress 
strain curves at temperatures of 20, 120, 205, 
and 288° C., obtained by using the micro- * 
meters. 

Vn. Results of Tests at Varyino 
Temperatures 

§ (117) Results of Tensile Tests, (i.) 
Iron and Carbon Steels . — Strength tests at 
high temperatures have been carried out since 
the early part of the nineteenth century. 

In 1820 Tremery and Proiiier-Saint-Brice^ 
showed that, although the tensile strength of 
hammered wrought iron was 27*6 tons per 
sq. inch at air temperature, it fell to 5*0 tons 
per sq. inch at red heat. Pairbaim, in 1856,^ 
showed that iron possesses a maximum resist- 
ance to fracture at 250° C. and this has 
frequently been verified for iron and steel. It 
has also been shown that this maximum 
resistance is preceded by a minimum, which 
occurs at about 120° C. 

An extensive series of tests were carried out 
on iron and steel at the Watertown Arsenal® 
in 1888, from which the following conclusions 
can be drawn : 

(1) The change in the ultimate strength is 
very small up to about 150° C. There is 
evidence of a slight reduction at from 100 to 
120° C., and after 150° C. there is an increase 
until, at 250° C., a maximum is reached, which 
is from 10 to 15 per cent higher than the 
normal. From 250 to 950° C. there is a 
continuous fall in strength, which at the latter 
temperature gives a reduction in strength of 
80 to 85 per cent of the normal. 

(2) The elastic limit decreases with increas- 
ing temperature. Up to 350° C. this decrease 
is directly proportional to increase in tem- 

. perature, so that at 350° C. the elastic limit is 
about 70 to 75 per cent of that at normal 
temperature. 

(3) With cast iron the ultimate strength is 
approximately constant up to 500° G., after 

^ Annales des Mines, ii. 513. 

» liepoH of the British Association^ 1856, p. 405. 

» Johnson's Materials of Construction, 1918 edition, 
p. 759. 


which it falls until, at 950° C., it is about 20 per 
cent of the normal value. 

Martens,^ in 1890, published an elaborate 
series of tests on the strength of steel at 
temperatures up to 600° C., and included a 
determination of the limit of proportionality. 
He used a paraffin bath for temperatures up 
to 200° C., a bath of lead and tin for tempera- 
tures up to 600° C., and for low temperatures 
a mixture of three parts, by weight of ice and 
one part, of salt. Temperatures up to 400° C. 
were measured with a mercurial thermometer, 
and for higher temperatures an air thermo- 
meter was employed. 

Tests by Lee and Crowther show that the 
modulus of elasticity of mild steel varies from 
29*6 X 10® lbs. per square inch at normal 
temperature to 12-8 x 10® at 600° C. They 
also found that the ultimate stress was a 
maximum at 250° C., but that the stress 
obtained by dividing the breaking-load by the 
area at fracture was a minimum at that tem- 
perature. The figures given in Table 40 have 
been taken from the plotted results. 


Table 40 

Tensile Tests on Mild Steel at Varying 
Temperatures 


Tempera- 
ture. “C. 

Modulus of 
Elasticity. 
Lbs./5<i. In. 

1 

Yield Stress. 
Tons/Sq. In. 

Ultimate 
Stress. 
Tons/Sq. Til. 

Rednetion 
of Area. 
Per cent. 

20 

29*6x10® 

21-4 

28-7 

57 

110 

29*3x10® 

19-4 1 

29-2 

. . 

• 240 

28-3x10® 

16-6 

39-0 

65 

310 

27*6x10® 

16*3 

37-9 

62 

445 

23*3 X 10® 

15-4 

25-7 

32 

520 

17-7x10® 

12-5 

17-3 

15 

570 

14-8x10® 

•9-7 

121 

4 

600 

12-8x10® 

•• 




(ii.) Alloy Steels . — The behaviour of special 
alloy steels at high temperature has been studied 
by Aitchison.® A synopsis of results of tensile 
tests, most of which were made at the National 
Physical Laboratory, is given in Table 41 ; 
these show that the tungsten steels with high 
percentages of carbon {i.e. about 0*6 per cent) 
have the greatest tensile strength at high 
temperatures. This strength is nearly equalled 
by the high chromium steels also containing 
a high percentage of carbon. 

With high chromium and high tungsten 
steels the percentage of carbon seems to play 
an important part in their strength at high 
temperatures. Thus with the 11 per cent 
chromium steel, reducing the carbon content 
from 1*0 to 0-4 per cent reduces the tensile 
strength at 900° C. from 7*5 to 4*8 tons per 
square inch, while a reduction of the chrominm 
content from 11 per cent to 6-3 per cent, with 

* Mitt. a. d. Kgl Techn. VersuchsanstaUen zu Berlin, 
1890. 

* ** Valve Failures and Valve Steels in Internal 
Combustion Engines,” Inst. Auto. Bng. Broc., 1919. 
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the carbon content at I jDer cent, has no effect 
on the tensile strength at that temperature. 

When the temperature exceeds 600° G. the 
strength of alloy steels falls off rapidly ; this 
IS particularly noticeable with nickel chrome 


on hard-dra\^m copper and bronze wire show 
that between - 20° C. and -t- (>0° C. a rise of 
1° C. corresponds to a decrease t)f 0-1 per cent 
of the hrealdng-load and an mcrcase of 0-3 
per cent in the total extension at 15° C. There 


Table 41 


Steel. 

Ultimate Strength in Tons per Sq. In. at Temperature ° 0 . 

15. 

650. 

700. 

750. 

800. 

850. 

900. 

050. 

17 per cent tungsten, 0-65 per cent carbon 

58 

25 

17-7 

13 

10-3 

IM 

8-8 

C-6 

16 „ 

„ 0-45 



45 


15-5 




G-3 


14 „ 

„ 0-70 



51 

20 

15-9 

10 

7-0 

10-0 

7-6 


12 

„ 0-45 



48 


14-7 


7-1 

9-6 

7-4 


11 

chromium, 0-40 



43 

14 

121 

8 

6-6 


4-8 

4-0 

11 

cliromium, 1*0 



67 


151 

10 

8-5 

9-6 

7-5 

6-5 

6-3 „ 

„ 0-5 


J9 

66 


17-0 




7-0 


6-3 „ 

„ 1-1 



78 

* ■* 

18-5 




7-5 


3 „ 

nickel, 0-3 



50 


9-4 




3-9 


3 „ 

„ 0*6 





11-5 




4-5 



chromium, 0*35 





8-5 




4-2 


3 

„ 0-7 





11-7 




4-9 


Ordinary nickel chromium . 



55 

16 

10-5 

8 

7-0 

B1 

4-5 

3*0 


♦ Stainless Steel. 


steels and nickel steels, between which there 
is very little difference at high temperature. 

(iii.) Alloys , — The use of fittings under super- 
heated steam involves temperatures up to 
400° C., and the study of brasses, bronzes, etc., 
up to these temperatures has been undertaken 
by numerous investigators. Unwind in 1889, 
communicated a report to the British Associa- 
tion on tensile tests of delta metal, gunmetal, 
muntz metal, copper, brass, phosphor bronze, 
and aluminium bronze at temperatures up to 
350° C. 

Rudeloff,^ Bregowsky and Spring,^ Dew- 
rance,^ and Law^ have also carried out a 
great deal of work on this subject. 

The tensile strength at high temperatures of 
aluminium copper, aluminium copper man- 
ganese, and aluminium zinc alloys are given in 
the reports of the Alloy Research Committee.® 

The variations, with temperature, in the 
properties of alloys are fairly regular; there 
is a fall in the tensile strength as the tempera- 
ture rises, with change of curvature and 
sometimes humps in the temperature-ultimate 
stress curve. Rolled monel metal, an alloy of 
70 per cent nickel with 30 per cent copper, 
exhibits high strength and ductility at tem- 
peratures up to 550° C. 

Tests at the National Physical Laboratory ^ 

^ Report of Brit dssor,, 1880. 

2 Inter. Asaoc. Teat. Mat Proc., 1909, vi./l. 

“ “ Effect of High Teinperatun'.s on the Physical 
Properties of some Alloys,’' Internatio7ial Association 
for Testing Materials, 1012, vii./l. 

* Inst, of Metals J., 19U. 

® Iron and Steel Inst. J., Nay 1918. 

« Inst Mech. Png. Proc., 8th Report, 1907, p. 57 ; 
9th Report, 1910, p. 119 ; lOtli Report, J012, April. 

^ lUitson, “ Hard-drawn (Jopper Wire,” Collected 
Researches JSfJtL., viii. 1912. 


is also a slight alteration of the modulus of 
elasticity with temperatures mot with under 
climatic conditions. 

§ (US) Tensile Tests at Low Temphira- 
TQEES. — These tests are usually carried out 
by surrounding the test piece witli a bath 
containing a cooling substance, such as : 

Ico for temperatures down to . . . 0° 0 . 

Ice and freezing salt for temporaturea \ n n 
down to / ■" 

Frozen mercury for temperaiurea down to — 40° G. 
yolid carbon dioxide powder for totnj)(U'a- ) o o / < 
turcs down to / ■” 

Liquid air for temperatures down to . - 185” Cl. 

It is essential that the bath should be sur- 
rounded with a casing containing down paeJe- 
ing or asbestos fluff in order to obtain a 
uniform temperature. 

Rudeloff, in 1895, found that iron and sU^fi 
gave increased yield stress and ultimate stress 
as the temperature was low^ercd, while Uie 
extension was generally decreased by cooling. 
Tests made at Watertown Arsenal ® gaye an 
increase of about 50 ijor cent in the yiedd 
stress and 35 per cent in the ult-iinato str(‘ss 
over the normal values, wben tested at - 185° 
C-, but the extension decreased by 63 jxu' cent. 

Cast aluminium light alloys show an in- 
crease over the normal in ultimate strength 
of 9 per cent at - 80° 0., and 27 per cent at 
-185° 0. 

§ (119) Notched Bar Tests at Varyino 
Temperatures.— Charpy » has shown that, 
with steel, the work absorbed in the fraoturo 
of a notched bar tost ])iece rises as the tom- 

“ Bngr. Rec., liv. 65. 

® Inter. Assoc. Test Mat Proc., 190(5. 
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perature is increased and reaches a maximum 
at about 150° C. ; it then decreases and passes 
through a minimum between 400° C. and 
500° C., and rises again until red heat is 
reached. 

This work was coniii-med by Guillet and 
LevillonA who gave the temperatures of 
maximum and minimum resistance to shock 
as 200° C- and 475° C. They say that there 
is no particular fragility in a steel broken at 
blue heat (300 to 325° C.). 

Guillet and Kevillon carried out their tests 
on a Guilleiy 60 Kg.M. machine (see § (100)). 
The test pieces were heated in an electric 
furnace to slightly above the temperature 
required for the test, they were then placed 
on the anvil and the temjierature noted at the 
time of fracture. The temperature was deter- 
mined by the use of a thermo-couple inserted 
in a small hole drilled in the specimen and 
penetrating up to tibout 3 mm. from the cross- 
section to be fractured. 

The ends of the test piece were covered with 
asbestos to prevent the cooling of the ex- 
tremities when in contact with the anvil. 
Tests at as close to 100° C. as possible were 
obtained by heating in boiling water. 

Aitchison has shown that with alloy steels 
the notched bar tests at high temperatures are 
a reflection of the tensile strength of the steels, 
being more or less inversely proportional to 
that property. In all cases the steels gave 
higlier values at elevated temperatures than 
tliey did under normal conditions. 


Some testa on carbon steels at low tempera- 
tures, carried out at the National Physical 
Laboratory, are given in Table 42. 

Tests at the low temperatures on various 
alloy steels sliuw that, generally, there is an 
a]3]ncciablo drop in the energy absorbed in 
fracture between 17J° G. and -40° 0., but 
that between - 40 and ~ 80° C. the drop, if 
any, is small, and in many cases there is a 
distinct rise in the value. 

^ Inter, Aniioc, Tent, Mai. Proc., 1909, 


§ (120) Ball Hardness Tests at Varying 
Temperatures. — Felix Robin has shown that 
the curves connecting hardness and tempera- 
ture are of the same general form as the tensile 
strength temperature curves. 

Aitchison ^ gives results of hardness tests at 
high temperatures on tungsten steels of various 
compositions, ranging from 10 per cent to 
IS per cent tungsten, and from 0-2 per cent 
to 0-7 per cent carbon. Both investigators 
find a similar regular drop in the hardness as 
the temperature increases. 

In § (88) it is pointed out that a dynamic 
hardness test is extremely useful for tests at 
high temperatures. Aitchison notes that his 
hardness tests were carried out by C. A. 
Edwards, so that it is probable that the 
results were obtained by the dynamic 
method described by Edwards in his paper 
read before the Institution of Mechanical 
Engineers. 2 

Hadfield * finds that the hardness of 
steel at the temperature of liquid air 
( - 185° G.) is double that given at normal 
temperature. 

§ (121) Alternating Stress Tests at 
Varying Temperatures. — Very little ex- 
perimental work has been carried out on the 
effect of high temperatures on the strength of 
materials under alternating stresses. Unwin ^ 
conducted some tests at a temperature of 
200° C. and found that “ the hot bars stood 
variations of stress rather better than the cold 
ones.” 


Some tests carried out by the author on 
steel, having a piimitive elastic of 21 tons per 
square inch, ultimate stress of 46 tons per 
square inch, per cent extension of 26 and 

= ’"Valve Failures and Valve Steels in Internal 
Combustion Engines,”" Inst. Auto. Eng. Proc., 1919. 

* Edwards and Willis, “ A Law governing the 
Resistance to Penetration of Metals when tested by 
Impact with a 10-mm. Steel Ball,” Inst. Mech. Eng. 
J., 1918. 

* Iron and Steel Inst. J., 1905. 

“ " Testing of Materials of Construction,” 1910 
edition, p. 385. 


Table 42 


Notched Bar Tests at Low Temperatures 


Tensile Test of Material at 171“ C. 

Charpy Notched Bar Impact Test, on 

5 X 5x 27-mm. Specimens with 45° 

Vee Notch, 1 mm. deep, and 

0-125 mm. Root Radius. 

Yield Stress. 

Ultimate Stress. 

Extension. 

Reduction 
of Area. 

Per cent. 

Energy absorbed in Fracture in Kg.M. 

Tons/Sq. In. 

Tons/Sq. In. 

Per cent. 

17V“ C. 

- 40“ C. 

. 

0 

0 

O 

00 

1 

14 

26 I 

42-0 

61 

2-10 

0-13 

0-10 

31 

53-1 

22-5 

44 

0-26 

CO 

1— ( 

6 

0*19 


Results are the average of five tests. 
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per cent reduction ot area at fracture of 52, I of which the inner or central portion (heart- 
gave the results given in Table 43. 1 wood) is usually the stronger in mature trees. 

Table 43 


Alternating Stress Tests on Steel at 20° C. and 250° C. 


Eange of Stress. 

Alternations 

Temperature. 

Remarks. 

Limiting Range 

Tons/Sci. In. 

before Fracture. 

°C. 

Tons/Sq. In. 

-M8-2 to -18-2 

2,429,400 

20 

Unbroken 



-M9-2 to -19-2 

3,299,500 





+20*9 to -20*9 
+21*7 to -21*7 

3,268,400 

1,121,000 


Broken 


■ +21 to -21 

+23*7 to -23*7 

3,240,000 





+24*6 to - 24-G 

1,996,900 

- 


J 


+16*5 to -16-5 

2,069,000 

250 

Unbroken 

1 

1 

+ 17*0 to -17*0 
+ 17*2 to -17-2 

2,115,600 

313,050 


Broken 

1 

‘ +16-6 to -16-6 

+18*8 to -18-8 

383,750 






The tests were made in a machine of the 
Wohler type, the test piece running in an oil- 
bath heated electrically, and show a reduction 
of 20 per cent in the limiting range of stress 
by raising the temperature from 20 to 250° C. 
They were carried out at a speed of 2000 
alternations per minute. 

Tests on some rolled aluminium light alloys, 
by the same method, gave the results in 
Table 44. 


Each annual ring itself consists of two parts, 
viz. the inner or sx:)ring wood and the outer or 
summer wood, of which the latter is the denser, 
harder, and stronger. The strength of a piece 
of timber can therefore be roughly gauged by 
the proportion of summer wood in the annual 
rings. 

The width of the annual rings indicates the 
rate of growth of the tree — rapid growth being 
shown by wide rings — they therefore give 


Table 44 

Alternating Stress Tests on Eollbd Aluminium Alloys at 20° C. and 150° C. 


No. 

Ultimate Stress in Static Test. 
Tons/Sq. In. 

Estimated Limiting Range of Alternating Str(^srt 
in Fatigue. Tons/Sq. In. 

o 

p 

150° 0. 

200“ C. 

20“ (!. 

150“ 0. 

A 

21-9 



+ 6-5 to — 6-5 

+5-5 to — 5-5 

B 

26-6 

21-1 

19-5 

+ 10-5 to -10-6 

+7-9 to -7-9 

C 

28-0 

21-5 

19-8 

+ 10-2 to -10-2 

+5'0 to — 5’0 

D 

24-3 

21-4 

19-6 

+ 10-2 to -10-2 

+8-4 to -8*4 

E 

22-7 

20-3 

15-4 

+ 9-0 to - 9-0 

+6-5 to - 6"5 


These results show that, whereas the average 
reduction in static strength by alteration of 
temperature from 20 to 150° C. is about 
17 per cent, the corresponding reduction in 
the fatigue range is about 30 per cent. 

The average limitiug elastic range (at 20° C.) 
for the five alloys (A to E) is about 75 per cent 
of the static ultimate stress. With steel this 
value is of the order of 90 per cent. 

VIII. Tests on Materials of Construction 

§ (122) Testing of Timber.— Examination 
of the cross-soctiou of a sawn log of structural 
timber shows a central pith surrounded by 
concentric rings which are in turn encircled 
by the outer bark. Each ring represents the 
growth of one year in the life of the tree. 
These annual rings can be roughly divided 
into two sections, heartwood and sapwood, 


useful information as to the uniformity of 
growth. The rings are usually widest at the 
centre and become closer near to the bark. 
Their width and distribution often vary in 
different trees ol the same kind, in various 
parts of the same tree, and in different parts of 
the same cross-section. 

Timber is usually divided into two classes — 
hardwood and softv'-ood. The former is derived 
principally from broad-leaved deciduous trees, 
while the latter is obtained from evergreen 
conifers (needle-leaved trees). Exceptions to 
this classification are yew and long leaf pine, 
which are hardwoods although coming from 
conifers, while horse-chestnut, poplar and bass- 
wood (broad -leaved trees) are softwoods. 

Timber is used by engineers principally for 
structural purposes, and a knowledge of its 
behaviour under various conditions of stress 
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is necessary if it is to be used to tbe best 
advantage. 

(i.) Density and Specific Gravity . — ^Tbe density 
of timber is largely affected by the percentage 
of moisture that it contains, by its rate of 
growth, position in the tree, and percentage of 
summer wood. 

As the density is closely related to the 
mechanical properties of timber, its deter- 
mination is of importance. It is usually 
ascertained by measuring and weighing 
carefully prepared pieces which, for prefer- 
ence, are made in the form of cubes or prisms. 
If b, t, and Ti are the three dimensions of the 
block in centimetres and W is the weight in 
grammes, 

then the specific gravity = 'W/( 6 xtxJi) 

and weight per cubic feet = Wp/(6 xtxh), 
where g is the weight of a cubic foot of water 
in lbs. (624). 

Tor comparative results the moisture content 
must be the same ; the density is therefore 
usually carried out on dried samples. Eor this 
purpose they are dried in an oven at 100° C. 
until of constant weight, and the density cal- 
culated from tins weight in conjunction with 
the dimensions (dry). 

(ii.) Percentage of Moisture . — All the mechani- 
cal properties of timber are affected by the 
moisture content. The strength becomes less as 
the percentage of moisture increases. A deter- 
mination of the percentage of moisture is 
always made from each test piece, and results 
which do not include this information are 
valueless. 

The determination of the moisture content 
is made on pieces cut from each sample ; in 
the case of tension, shear, and cleavage tests, 
these consist of pieces split off adjacent to the 
failure. From other pieces a disc or cube is 
taken from as near to the point of fracture as 
possible. 

Discs, etc., are weighed immediately that 
they are cut; they are then dried in an oven 
with free circulation, and kept at a constant 
temperature of 100° C. imtil they cease to 
lose weight by further drying. They are then 
reweighed. The moisture contained is ex- 
pressed as a percentage of the dry weight of 
the timber. 

If = weight before drying, 

w j ~ weight after drying, 
percentage of moisture = 100 x (Wy,-wf)-=rWa- 

In order to hasten the drying process, the 
test piece is sometimes cut into small match- 
sticks or shavings bored from the sample used. 
If this is done, 12 hours’ drying is usually 
sufficient. Drying at 100° C. will eliminate aU 
except about 2 per cent of the moisture, and 
this cannot be removed without igniting the 
sample. 

Sections of beams are usually cut into small 
pieces for a moisture determination of each 


piece, in order to examine the distribution of 
moisture throughout the section. The results 
from such a determination on pieces of spruce 
and fir are given in Figs. 143 and 144. 

(iii.) Rings per inch, per cervt of Sapwood, and 
per cent of Summer Wood , — These estimations 
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Fig. 143. 


are usually made on the piece cut for percentage 
of moisture determination. A line, one inch 
long, is drawn on the cross-section of the disc 
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in a radial direction and passing through a 
region of average development. 

The width of summer wood crossed hy this 
line is obtained hy spacing off accumulatively, 
on a pair of dividers, the width of the summer 
wood bands for each annual ring in succession. 
The final distance between the points of the 
dividers, in hundredths of an inch, is e<iual to 
the percentage of -summer wood. 
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The number of rings per inch is obtained 
by noting the number of annual rings crossed 
by the measured inch. 

The percentage of sapwood is estimated by 
measuring the amount of the cross-sectional 
area in which sapwood appears and expressing 
this as a percentage of the whole area. 

§ (123) Deying Timber Test Pieces. — In 
order to obtain reliable data from the various 
tests on timber, the information is usually 
referred to some standard percentage of 
moisture. It is considered that timber, if 
thoroughly dried, will reabsorb 12 to 15 per 
cent of moisture from the atmosphere. Some 
experimenters therefore use 12 per cent, but 
the majority adopt 15 per cent as the standard 
fox comparison. Tests are usually carried out 
at percentages of moisture above, below, and 


usually left at least J in. larger on each of 
the cross-sectional dimensions and also con- 
siderably longer. Before drying in the kiln 
the percentage moisture is obtained from 
pieces cut from each end of the sample, and 
from this information the reduction in weight 
which is required by the kiln drying in order 
to reduce the sample to the lower moisture 
content is calculated. The drying of the test 
sample is continued until the reduction in 
weight is obtained. 

§ (124) Size of Test Pieces for Tests on 
Timber. — Timber tests are divided into two 
classes : 

(1) “Scientific” tests of sonall specimem 
free from knots or other blemishes and of 
uniform moisture content. 

(2) Tests on full-size members of structures — 


Sectional Elevation on XY 



approximately at the standard, and for this 
purpose it is necessary to dry samples from 
the higher to the lower figure. 

Two methods of drying are adopted, viz. 
air dr3dng (or seasoning) and kiln drying, but 
owing to the long time required for successful 
air drying, Idln drying is usually resorted to 
for test work. 

An experimental hot-air-drying oven or kiln, 
which has been successfully used, is shown in 
Fig. 145. The samples are placed on a tray 
A in a circular vessel B which is heated 
by a gas burner C, and a current of air is 
driven through this vessel by a rotary fan 
D. A complete record of the temperature, 
which is never allowed to exceed 80° C., is 
obtained by a recorder which is placed along- 
side the test samples. 

The test pieces are prepared from the samples 
after drying, and for this purpose the latter are 


struts, beams, etc., which arc not homogeneous 
and contain serious defects. 

Tests are necessary under both conditions. 
Large sections have the same strcngtli per 
unit area as small ones when l)oth arc of the 
same proportions and similarly free from 
defects; but under practical conditions it is 
found that this law of similarity is not realised, 
and that tests on small pieces give valu(>H for 
the strength of timber in excess of the strength 
of large pieces. 

§ (125) Tensile Tests of Timber. — All 
comprehensive investigations in regard to the 
strength of timber include a determination of 
its tensile strength as it is of scion tifio import- 
ance. The resistance of timber to tensile forces 
parallel to the grain is greater than under any 
other kind of loading. In timber structure's the 
tension members are joined at their ends to 
other parts of the structure, and the weakest 
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point is the joint which is subjected to 
shear. 

It follows that the tensile strength does not 
govern the strength of the member, and there- 
fore, from a practical point of view, it is of 
secondary importance. 


a compressometer (§ (34)). These give an 
initial portion of the curve which is approxi- 
mately straight, and it is customary from this 
curve to obtain the modulus of elasticity, and 
compressive stress at the limit of proportion- 
ality. Typical re.su Its are given in Table 45. 


Table 45 


Compression (Crushing) Tests on Timber along the Grain 
Test Pieces 2x2x4 inches 


Timber. 

Rings 

per 

Inch. 

Moisture. 
Per cent. 

Limit of 
Proportionality. 
Lbs./Sq. In. 

Crushing 
Stress. 
Lbs./Sq. In. 

Modulus of 
Elasticity. 
Lbs./Sq. In. 

Specific 

Gravity. 

Oak (English) . . | 

7 

9 

24 

11 

2770 

2530 1 

5300 

5410 

0-99X10S 

0-92x105 

0-76 

0-83 

Fir (Russian) . 

18 

14 

6020 

8940 

2-60x105 

0-74 

Spruce (Christiania) 

16 

12 

3200 

4600 

1-08x105 

0-36 

Fir (Columbian) 

24 

12 

7200 

9990 

3-10x10® 

0-78 


The heads and shoulders of tensile test 
pieces have to be very greatly enlarged, 
otherwise failure takes place either by shearing 
of the ends along the grain or by crushing of 
the ends across the grain. The type of test 
piece adopted is shown in Fig, 148. The 
section to fracture is naturally small in com- 
parison to the ends. Test pieces similar to 
that shown in the figure, but having the 



Fig. 14G. 


reduced diameter 1*25 inches instead of 0*564 
inches, are sometimes used. 

§ (128) Compression Tests on Timber. — 
Compression tests along, the grain give reliable 



Crushing Test Piece 
Fig. 147. 


indications of the {quality of samples of timber. 
Failure usually takes place by shearing along 
planes inclined about 60 to 75® with the axis, 
but sometimes by longitudinal splitting. The 
test pieces {'Fig. 147) are generally prisms 
2x2x4'' or 3 X 3 X G". 

For investigatory work it is usual to deter- 
mine stress-strain diagrams with the aid of 


§ (127) vShearing Strength of Timber. — ^It 
is generally acknowledged by all authorities 
that accurate tests of the shearing strength of 



timber are difficult to make. Two methods 
have been adopted : 

(1) With the test piece in double shear as 
indicated in Fig. 148. 



(2) With the timber under single shear 
{Fig. 149). This method has been used with 
success by Warren.^ 

^ Feport of the Department of Forestry N.S.W.^ 
Australia., 1911, on “ N.S.W. Hardwood Timbers,” 
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The resistance of various woods to shear 
across the grain has been determined by 
Trautvine,^ whose test pieces were cylindrical 
pins f in. diameter subjected to double 
shear. 

§ (128) Bendino Tests. — Bending tests are 
probably the commonest for timber, because 
of the great use of wood for rafters, joists, 
beams, and other parts of structures subjected 
to bending. Long pieces of fairly large section 
can be tested without testing machines of big 
proportions. 

Test pieces are usually rectangular, are 
supported at the ends, and loaded either in 
the centre or at two points as indicated in 
Figs. 40 and 41 (§ (12)). The latter method 
(called four-point loading) is now generally 
preferred, as the maximum bending moment 
is spread over half of the span and is not 
limited to the point directly under the appb* ca- 
tion of the load as it is in the central loading 
method. 

A sketch showing the direction of the grain 
at the ends, and the number of the annual 
rings, should accompany each test, as well as 
an indication of the position and mode of 
fracture. The position and character of any 
defects such as knots should also bo specially 
noted, Failure may take place by tension, 
compression, or longitudinal shear along the 
grain. 

For the determination of the limit of pro- 
portionality and coefficient of elasticity it is 
necessary to measure the deflection for known 
increments of the load Instruments for doing 
this are described in § (56). 

The strength factor usually measured is the 
modulus of rupture or coefficient of bending 
strength. Although a fictitious value, it is, 
nevertheless, a valuable index of the quality 
of the timber. 

The various values obtained from the test 
data are calculated in the following way ; 

If B = Total load at the limit of proportion ality , 
B = Total load at fracture, 

I = Span between the supports, 

&= Width of cross-section of the test piece, 
A = Depth of the cross-section of the test 
piece. 

Measured deflection at the limit of pro- 
portionality. 

(i.) For central loading (deflection measured 
on length = 1). 

Greatest shearing stress = 3B/46L 
Stress at the proportional limit = Z'Fll2bh^. 

Modulus of rupture = Z'Bll2hli\ 
Modulus of elasticity = PZ®/46A®tf. 
(ii.) For four -point loading (where the distance 
between the loading points = L, and the 
deflection is measured on length l^ in 
the section under uniform bending 

^ Franklin Inst. Journal^ cix. 100. 


moment, and l-^ is less than L. B and 
P are the sum of the two loads at the 
loading points). 

Greatest shearing stress = 3 B/46^. 

Stress at proportional limit = 3P(Z — L)/26(f2. 
Modulus of rupture = 3B(Z— Ii)/26<f^. 
Modulus of elasticity = 3P(Z — 

Fig. 150 shows typical load deflection 
diagrams for Christiania spruce and Petersburg 



fir, while Fig. 151 gives the load - extension 
diagrams in tension and compression for the 
same materials. 



Extension in Millimetres on Gauge Length of 25'4 



Fig. 151. 


§ (129) Toughness Tests. — Toughness is ob- 
tained by means of a notched bar impact tost 
in which the energy absorbed by the specimen 
is measured by the loss of energy in a swing- 
ing tup which breaks the material by a single 
blow. Fig. 152 shows the manner in which 
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an Izod testing machine (see § (100)) is utilised 
to carry out this test, and the form of test 
piece is given in Fig. 153. The test piece is 
notched with the annular rings as indicated 



in the sketch, and the top of it, where the tup 
strikes, is protected by a steel plate. 

Impa^ct Bending Test . — In this test the 


specimen (2 x 2 x 30 ) 

Note the position of 
the A nnual rings 



is supported at the 
ends on a span of 28 
inches. The load is 
applied by dropping 
a hammer upon the 
specimen at mid-span, 
from an initial height 
of one inch. Tor suc- 
ceeding drops the 
height is increased by 
1-inch increments up 
to 10 inches, and there- 
after drops are made at 
successive increments 
of 2 inches, until 
failure. Hammers of 
50, 100, and 250 lbs. 
are used. 

Deflections of the 
specimen are measured 
with each .drop, and a 
curve is drawn con- 


necting height of drop and deflection squared. 
Deflections are obtained from a drop curve 
traced on a revolving drum. 


If W = weight of the hammer, 

H = height of drop at elastic limit, 

F= fibre stress at elastic limit, 

D = central deflection of specimen at 
elastic limit, 

6= breadth of specimen, 
h - height of specimen, 

L = span, 

then 

Fibre stress at elastic limit = 3WHL/H67i®. 

Modulus of elasticity = L^ x F/CDh. 

Work to elastic limit ^WH/6AL, 


§ (130) - Cleavability. — For the resistance 
to splitting the U.S.A. Department of Agricul- 
ture use the test piece indicated in Fig. 154, 
and express the results in pounds per inch 
of width at fracture. Tests have been carried 
out to determine the resistance to splitting 
radially as well as tangentially to the annular 


I 



rings, and the results (Table 46) show that 
most hardwoods split more easily along radial 
planes than along tangential surfaces. 


Table 46 


Kind of Timber. 

Cleavage Strength in 
Pounds per Inch of Width. 


Badial. 

Tangential. 

Hardwoods — 



Ash . 

322 

316 

Him . 

297 

357 

Oak . 

370 

462 

Softwoods — 



Fir . . . 

138 

149 

Hemlock . 

168 

151 

Yellow pine 

155 

173 

Spruce 

120 

139 


Splitting is related to tensile strength across 
the grain. A high value is advantageous for 
timber which has to be fastened by nails or 
spikes. 

§ (131) Hardness Tests on Timber. — ^The 
ball hardness test has been applied to timber 
in two ways : 

(1) The first method, adopted by Warren,’- 
follows the Erinell test for metals, viz. a 
ball of fixed diameter is pressed into the 
timber under a known load maintained for a 
stated time. The hardness numl>er is calcu- 
lated from the formula 



' Report of the Department of Forestnf, N.S.W., 
Austr^ia^ 1911, on “ K.S.W, Hardwood Timbers.” 
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where H = the hardness number, 

P =the load in kilogrammes, 

A = the projected area of the indenta- 
tion (Td^/4). 

Warren uses a ball of 20 mm., load of 1000 
kilos, and time of 2 minutes. He found that 
the hardness along the fibre is considerably 
greater than either parallel or perpendicular 
to the annular rings. 

(2) The second method, largely used in the 
U.S.A., is to press a ball of 0-444 inch 
diameter into the timber until it has pene- 
trated 0-222 inch. The load required is 
taken as a measure of the hardness. The 
test tool is a steel bar with a hemispherical 
end. This end projects through a hole in 
the bottom of a cup -shaped washer. When 
the tool has penetrated the timber to the 
correct depth there is binding between the j 
steel bar, washer, and specimen. The load 
at that instant is noted. 

With the Ludwili: cone test Warren^ used 
the standard 90° cone and a pressure of 400 
kilogrammes applied for one minute. The 
depth was measured by an indicator as the 
test proceeded, 

§ (132) Resistance of Timbers to Abra- 
sion AND Wear. — Relative wear has been 
tested by pressing blocks of the material 2 x 2" 
under a pressure of 26 lbs. against a table 
covered with fine sandpaper and revolving at 
68 revolutions per minute. A better method 
was used by Warren, ^ who utilised a sand- 
blast. The test piece, 3 x 3 x l'% was clamped 
against a plate having a 24-mch hole in it, 
and together with the plate was rotated about 
its own axis. A jet of superheated steam 
under a pressure of 43 lha. per square inch, 
carrying sand in it, was projected through 
an expanding nozzle on to the surface of the 
rotating test piece. The sand - blast wore 
away the wood on the exposed diameter of 
2|- inches, and the loss of weight of the tost 
piece in two minutes’ exposure gave a measure 
of the wearing quality gf the wood. Tests 
were made — 

(а) Parallel to the direction of the fibre. 

(б) Perpendicular to the direction of the 
fibre and perpendicular to the annular rings. 

(c) Perpendicular to the direction of the 
fibre and tangential to the annular rings. 

The results showed that the wear was least 
parallel to the direction of fibre, the ratio in 
the three directions being a : b : c = l : 2^ : 4. 

§ (133) Holding Power of Nails and 
flpiKES in Wood. — Nails hold in timber by 
virtue of the friction developed between the 
surface of the nail and the fibres of the timber. 
An investigation into the holding power of nails 
and spikes in Australian timber was carried out 

^ Report of the Department of Porentru, N.R.W., 
Australm, 1911, on ‘‘ JNT.S.W. Hardwood Timbers,” 
Xbid, 


by Warren in 1911, who found that Australian 
timbers were so hard that it was necessary to 
first bore a hole slightly smaller than the nail 
in order to prevent either buckling of the 
nail or splitting of the timber. Six -inch No. 1 
S.W.G. smooth steel wire typo nails _ were 
driven to a depth of inches in the timber 
in holes bored to -j^^.-j-inch diameter. They 
were wdthdraw*n by pulling in the testing 
machine, and the loads to pull from various 
depths "were noted. The results showed that 
the holding power was approximately pro- 
portional to the depth, as shown in Table 47. 

Table 47 


Holding Power op Nails 


Depth driven in Inches. 

Mean Load in Ponntls. 

1.V 

1438 

2 

2201 

2^ 

2676 

3 

3158 


3529 


For driving spikes, holes slightly smaller 
than the diameter of the spike must be drilled. 
Warren found that f-inch square section 
twisted spikes required 30 ])or cent more 
load to withdraw them than square 

or J-inch circular black iron straight s])ikea. 

Hatt,® experimenting with - inch to 
f-inch square smooth spikes and screwed 
spikes pitch ^ inch, root diainotor inch, 
driven in |-j}-inch holes to a depth of !) inches, 
found that the plain spikes had about 55 per 
cent of the resistance of the screwed ones. 
Hatt’s results agreed with those of Warren 
in showing that the liolding power was 
proportional to the depth. 

§ (134) Influence of Conditions of Tests 
UPON Results, (i.) The. EJfcct of MoiHinre . — 
The effect of moisture on the sti'ongth of wood 
has been thoroughly investigated by Tlcmaim,'^ 
and his results, which are fully given by 
Johnson,® show that there is a largo incrcaso 
in crushing strength, modulus of elasticity, and 
modulus of rupture with a dtuMiMiso iu tho 
moisture content. Table 48 gives tho apjjiroxi- 
mate figures for spruce, chestnut, and i)ino. 

(ii.) Effect of Tew/perature of Tenting . — The 
ordinary variations of tomperaturo of tln^ 
laboratory (15° 0. to 25° C.) are not im])()itant, 
but if greater extremes occur it is advisable 
that tho temperature at which tho tests arc^ 
carried out should bo controlled. T’ests niaclt^ 
at Perdue University show an incrcaso in tbo 
strength of rod oak ties c)f from 9 })or cent to 
17 per cent by testing them at 0° (k instead 
of 20° C. 

^ Bull. No. 121-, Am,. Rp. Engr. Assn. 

* Bull. 70, U.S.A. Forest fterviee, 100(5, and 
Circular N(l 108, 1007. 

“ Materials of Construction, 1018 cd., p. 1,05. 
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(iii.) Effect of Speed of Testing . — ^Thurston ^ 
found that 60 per cent of the breaking load 
given by progressive loading on the ordinary 
testing machine would break beams if left 
in place for nine months. Experimenting 
on the same subject, Johnson ^ determined 


Table 48 

Ebtect ox Test Results or VAaYixG Moisture 
COXTEXT 



Per cent Increase in Value by 


dr 5 *ing from 20 per cent to 

Material. 

10 per cent of Moisture. 


Crushing 

Modulus 

Modulus 


Strength. 

of Elasticity. 

of Rupture. 

Eastern ) 

62 



spruce jl 

14 

52 

Chestnut 

59 

25 

44 

Longleaf ) 
pine / 

89 

21 

47 


that it was not safe to assume that the 
permanent load which timber would carry was 
greater than 50 per cent of the short time 
ultimate load as ordinarily found by the 
testing machine. 

It is evident, therefore, that the influence' 
of time must be allowed for in testing wood. 
As a result of work by Tiemann,® the U.S.A. 
Forest Service of Agriculture have standardised 
fibre strain in testing, e.g . : 

Per Minute 
per Inch. 

Bending tests on timber of structural size 0*0007^ 
Bending tests on small beams . . , 0*0015'' 

Compression parallel to grain, large 

pieces j ' ^ 

Compression parallel to grain, small test”! 

pieces y 0*0050" 

Shearing along the grain .... 0*0150'' 

The strength of wet or green wood is much 
more sensitive to changes of speed than is dry 
wood. A change of the above speeds by 50 
per cent may ordinarily be allowed without 
causing a variation in strength of over 2 per 
cent. 

The modulus of elasticity in bending was 
found to be practically constant with change 
of speed. 

§ (135) Testing of Stone, Brick, and Con- 
crete. — The important characteristics of stones 
and bricks from an engineer’s standpoint are 
ease of working, durability, and strength. 
Durability depends on resistance to 

(a) Abrasion or attrition. 

(5) Absorption of water. 

(c) Alternate freezing and thawing. 

(d) Fire. 

(e) Acid. 

^ Materials of Co7istruction, part ii. 

* Ibid., 1918 eel., p. 208. 

® Amer. Soc. Test. Mat. Proc., 1918, viii, 541. 


Stones and bricks are subjected in practice 
to compression, sometimes to transverse stress 
and shearing, but not to tension except such 
as would be caused by wind pressure or other 
lateral forces. Besides ^resistance to these 
forces the specific gravity is an important 
property. For a given stone the specific 
gravity and strength increase concurrently, 
while for some purposes greater stability is 
given by higher specific gravity. 

With concrete, a knowledge of its elastic 
constants and tensile strength, of its resistance 
to fatigue and permeability to water, are 
requisite for the purposes of design. 

(i.) Determination of Specific Gravity. — In 
order to determine the specific gravity (in- 
cludmg the pores) the sample is dried at 
100° C. until it is of constant weight, and, 
when cool, coated with a thin film of paraffin 
wax and weighed in air and water. 

If W(, = weight in air, 

and ■ = weight in water, 

the specific gravity = Wo/(Wo—Wy,). 

A correction for the film of paraffin wax can 
be made if the results are required to a high 
degree of accuracy. 

The true specific gravity of the stone sub- 
stance is obtained by grinding the diy stone 
to a powder and determining the specific 
gravity of the powder with a standardised 
Le Chatelier apparatus or similar form of 
specific gravify apparatus. 

The porosity of the material can be obtained 
by making both the above determinations. 

Then if S^= specific gravity of the stone 
substance, and the other values are as 
before : 

(Wfl— Ww)/Weight of a cubic unit of water 
= Volume of the stone + pores = A. 
Wo/(Weight of a cubic unit of water x Ss) 
= Volume of the stone substance = B. 
Then the porosity = {A — B)/A. 

(ii.) Absorption of Water . — ^The usual method 
of obtaining the amount of water which stone, 
brick, or concrete will absorb is to immerse 
the specimen in water at approximately 
20° C. after it has been dried at 100° C., 
cooled, and weighed. The immersion is 
continued for three days, when the surface 
water is removed and the material is re- 
weighed. The increase in weight divided 
by the original weight and multiplied by 100 
gives the percentage absorption. The process 
is sometimes hastened by eliminating the long 
period of soaking and immersing the test piece 
in water which is slowly raised to boiling- 
point and kept at that temperature for five 
hours. 

A slight modification is sometimes intro- 
duced by weighing the specimen in air (W^), 
in water immediately after immersion (W^p), 
and also in water after three days’ immersion 
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Then the absorption in pounds 
water per cubic foot of material 


“Wa-Wt. 


62-37. 


of 


(iii.) Alternate Freezing and Thawing . — This 
test is made by subjecting the specimen to a 
temperature of — 10° C. to — 20° C. for at 
least four hours after it has been thoroughly 
saturated with water. It is usual to apply ten 
alternate freezings and thawings, and then 
employ the master test of crushing. 

(iv.) Abrasion and, Attrition. — Bauschinger^ 
devised an abrasion test for stone which con- 
sisted in pressing a 4-inch cube of the material, 
under pressure of 4 lbs. per square inch, 
against an iron plate rotating at 20 revolutions 
per minute. The test pieces were fixed at a 
radius of 19 J inches, and the abrasive employed 
was fine emery (No. 3) fed on to the plate 
at the rate of 2 grammes per revolution. 

This test does not difier greatly from the 
Dorry test for road stones. 

The sand-blast test was used by Gary ^ as 
an additional abrasion test for stone. He 
gave comparative results by the two methods, 
together with the crushing strength ; these are 
given in Table 49. 


is usually accepted as being the criterion of tho 
mechanical qualities of brittle materials such 
as stone, brick, and concrete. 

In carrying out this test the kind of bedding 
employed has a great influence on the results. 
Unwin ^ has shown that fluidity of tho bedding 
produces vertical splitting of the tost piece 
and a considerable reduction of the crushing 
strength- The common practice of putting 
wood or lead layers in between the test piece 
and the testing-machine compression blocks, 
in order to allow for irregularities in the surface 
of the specimen and to distribute the pressure 
over that surface, is erroneous. In order to 
obtain plane parallel faeos, Unwin’s method 
of applying thin layers of plaster of Paris 
has been used by the author for a considerable 
number of tests without obtaining any un- 
satisfactory fractures. 

The information obtained from the tost is 
the stress at which the first crack ai)pcars and 
the ultimate crushing stress. It is essential 
that the load should be applied axially, and 
the compression blocks are usually supplied 
with spherical seatings (see § (12)). 

Prom the character of the final breakdown 
and shape of the fragments it can be deter- 
mined whether the load was apphed correctly. 


Table 49 


Results op Abrasion- Tests on Building Stones by Gary 


Area of Specimens used on Grinding Table = 7 -75 sq. in.. 
Diameter of Nozzle on Sand-blasting Device = 2 -36 inclies. 


Kind of Stone. 

Compressive 
Strength. 
Lbs./Sq. In. 

Volume of Wear in Cubic'. Inches per Sq. In. 

On Grinding Tabic. 

With Sand Blast. 

Perpendicular to 
llift. 

I'aralh'l to Klft. 

Basalt 

38,900 

0042 

0-024 

()-()2r) 

Granite . 

21,360 

0-041 

0-037 

l)-()52 

Gneiss 

21,230 

0-079 

0-()56 

0-045 

Porphyry. 

17,840 

0-0C8 

0-046 

()-()3d 

Graywacke 

15,780 

0-085 

0-050 

0-058 

Sandstone 

6,640 

0-144 

0-155 

0-117 

Slate 

7,480 

0-234 

0-in 

0-082 


* A dense sands tone containing rounded or angular particles of (luartz, felHi)ar, or slate'. 


A rattler ” test is used in the U.S.A. for 
paving brick, and the conditions of the test 
have been standardised. ® It consists in placing 
ten samples of the material in a cylinder 
together with an abrasive charge consisting of 
20 cast-iron spheres of two sizes. The loss in 
weight is calculated as a percentage of the 
initial weight of the samples. This tost is 
somewhat similar to the Deval Attrition Test 
or Lovegrove Rattler Test for road stones. 

(v.) Crushing Tests . — The crushing strength 

^ ■Ransoliinger’H Communications, 1884, x. 

^ Baumaterialienhunde, x. 130. 

® Standard Specification for Paving Brick of the 
American Society for Testing Materials. Serial 
Dcsignation= (J7-15. 


Photographs of broken concrcto tost j)ieccs, 
showing the shearing angles of 45°, wliich arc 



Big. 155. 

obtained with the crushing of brittle materials, 
are given in Fig. 155. 

* Report of British Association, 1887, p, 870. 
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For geometrically similar test pieces the 
crushing strength is proportional to the cross- 
sectional area. Within the limits where 
bending occurs, the crushing strength becomes 
less as the height of the test pieces increases. 
For prisms and cylinders of the same height 
and cross-sectional area the crushing strength 
squared is inversely proportional to the 
circumference of the test piece. 

The compressive strength of concrete is 
reduced, by an excess of water during mixing, 
to a fractional part of that which it would 
reach under proper conditions (see Table 50). 

Table 50 


Effect of Percentage of Water on the 
Crushing Strength op Concrete 

(From U.S. Survey Bull., No. 344.) 


Peroeutage of 
Water. 

Concrete 1 : 2 : 4 by Volume ; Strength, in 
Lb3./Sii In. 

Crushing. 

Modulus of Rupture 
(Bending). 

1 Month. 

6 Months. 

1 Month. 

6 Mouths. 

9-8 

2299 

3814 

391 

435 

9-0 

3547 

4808 

451 

520 

7-9 

4612 

4884 

426 

496 


Crushing test pieces of building stone are 
usually in the form of cubes of 4-inch sides ; 
for concrete, cubes of from 7- to 10-inch sides 
arc employed ; while bricks are generally tested 
on the flat. The dimensions of the test pieces 
and, with bricks, direction of crushing are 
always given with the results. 


§ (13G) The Elastic Properties op Stoke, 
Brick, ake Concrete. — It has been shown 
that a linear relation is often not obtained 
between stress and strain for stone, brick, and 
concrete (§ (64)), and that for the latter em- 
pyrieal moduli are used for the puiposes of 
design calculation. 

Stanton Walker ^ gives the following par- 
ticulars of the manner in which different 
variables affect the strength and modulus of 
elasticity of concrete : 

“ {a) Both the modulus of elasticity and 
strength increase within certain limits as the 
aggregate becomes coarser, although the 
modulus of elasticity increases less rapidly 
than the strength. 

“ (b) An increase in the quantity of cement 
in the batch causes an increase in values of 
modulus of elasticity and strength. The 
modulus of elasticity is affected somewhat less 
by change in the cement content than the 
strength. 

“ (c) The quantity of m ixin g water exerts 
a most marked effect on the modulus of 
elasticity and strength. An addition of 25 per 
cent of water to a mixture of normal con* 
sistency decreases the modulus of elasticity 
about 15 to 20 per cent, and the strength 
about 35 to 40 per cent. 

“ (d) Both the modulus of elasticity and 
strength iacrease with the age of the concrete 
so long as the specimens are kept moist during 
curing. The strength increases in proportion 
to logarithms of the age. The modulus of 
elasticity follows approximately the same 
relation. 

“(e) There is no marked difference in the 
modulus of elasticity and strength of concrete 


Table 51 


Strength of Stone anb Beich 



Crushing Strength. 
Lbs./Sq. In. 

Transverse Test. 
Modulus of Bupture. 
Lbs./Sq. In. 

Absorption. 

Per cent. 

Stone — 




Granite .... 

13,000-25,000 

2710-3910 

0-4-1 -0 

Limestone .... 

2,000- 9,100 

1160-4660 

0-3-64 

Sandstone .... 

4,900-11,000 

360-1320 

0-7-8 -2 

Bricks — 




Vitrified brick . 

5,000 and over 

Over 900 

Less than 5 

Hard-burned 

3,500-4,999 

600-900 

5-12 

Common firsts , 

2,000-3,499 

400-600 

12-18 

Common .... 

1,500-1,999 

300-400 

Over 18 

Leicester wire-cut 

3,600-5,300 



Fletton .... 

2,600-3,900 



White gault, wirc-cut . 

2,100-3,100 



Aylosford red pressed . 

2,200 



London best stocks 

1,600-2,800 



Common stocks 

1,250-1,900 


i 


Bepresentative crushing, bending, and ab- I made from high-grade pebbles, crushed lime- 
sorption results on stone and brick are given stone, crushed granite, or blast furnace slag, 
in Table 51. 1 ^ Amer, Soc. Test. Mat. Proe., 1919, p. 584. 
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“ ( / ) A comparison of specimens stored 14 
days in damp sand and 77 days in atr with, 
specimens stored 91 days in damp sand shows 
that the modulus of elasticity and strength are 
higher for the damp sand storage. 

(g) Tests for mixing times ranging from 
I: to 10 minutes show both the modulus of 
elasticity and strength to be greater for the 
longer mixing times.” 

§ (137) TENsn.E Strength of Concrete. — 
Considerable difficulty is experienced in design- 
ing suitable end attachments for tensile tests 
on concrete- ^ Many experimenters cast spheri- 
cally headed bolts in the centre of the ends 
of the test piece and pull on these heads by 
the testing-macliine grips ; others enlarge the 
ends so as to form the test piece into a flat 
dumb-bell shape. Particulars of a few dimen- 
sions which have been adopted are given in 
Table 52. 

The tensile strength of concrete is about one- 
eighth to one-tenth of the crushing strength. 


beams for transverse tests. Withey ^ used 
beams 6" x 6'' loaded centrally on a span 
of 36 inches. The results he obtained on 
1:2:4 concrete, mixed by volume, are given 
in Table 53. 

§ (140) Increase of Strength of Con- 
crete WITH Age. — The average percent- 
age of strength of concrete at different ages, 
assuming full strength at one year, is given 
in Table 54. There is no reliable data for 
strength of concrete more than two years 
old. 

§ (141) Effect of Vibration, Jigging, and 
Pressure on the Strength of Concrete. — 
Vibration and jigging methods are useful for 
getting concrete into place around reinforcing 
bars and in intricate forms, but do no 
good, and in some cases are harmful, if 
apphed after the concrete is properly ])Iacod 
in position. 

Abrams ^ finds that the vibration of an 
electric hammer has very httlo influence on 


Table 62 

Pabticulars of Tensile and Compression Test Pieces for Concrete 


Authority. 

Tensile Test Piece. 

Crushing Test Piece. 

Henby * 

Mills t 

Hatt j 

Woolson § 

St. Louis 1 ; Testing Laboratory 1" 

2Y xZYx 2r prisms. 

6“^ X 6'*' X 18^ prisms. 

4:^ X (I bar) 17i-" gauge length. 
Square cross-section enlarged ends. 
S'^xS^ square section (enlarged 
ends) 5 feet long. 

2Y X ZY X 11^ prisms. 

6" cubes. 

S'*" diameter X 12^ cylinders. 

Q" X Q" X \4" prisms. 

'j-4:Y diameter, 5Y deep (cylinders). 


♦ Assoo. JBngr. Soc. Journ. xxv. 145. t Cornell Civil Engineer, xix. 100. 

X West. Soc. Eng. Journ, ix. 234. § Bngr. News, liii. 501. 

II Holmes, “ Structural-Materials Testing Laboratories at St. Louis, Mo.,*’ Jiullvtin Ko. 

329, XJ.S. Dept, oj Geological Survey, 1908. 


§ (138) Shear Strength of Concrete. — 
The shear strength of concrete lies between 0*4 
and 0-6 of the crushing strength. The shear 
testing tool is of the same form as that used for 
metals (§ (12)), but is specially arranged to 
take a larger test piece. The test pieces are 
generally cast 5 or 6 inches in diameter and 
14 to 18 inches in length, and are tested in 
either single or double shear. 

§ (139) Transverse Strength of Concrete. 
— -No definite size has been standardised for 


Table 63 



1:2:4 Concrete — Ago 

1 Month. Average of 
25 to 27 Tests. 

Tensile strcngtli — lbs./ ) 

189 

aq. in. (S^) J 

Compressive strength — \ 

1940 

Ibs./sq. in. (Sc) / 

Modulus of rupture — \ 

352 

lbs./8q. in. (Ss) j 


S-, = ()-I8So=i-8GSi. 


the strength of puddled concrete when a])pliod 
for periods not oxeceding 30 aocoiidH. Jf a 
greater time of vibration is cm])loye(l, tboro is 
a steady falling-ofl in strength. After 45 to 
60 seconds the strength is only 90 ])or cent 


Table 64 


Ago. 

Por(u>niiag('- oE Pull 
.St.r(avgtli. 

7 (lays 

1 month 

30 

CO 

2 months 

76 

3 „ 

86 

4 » 

90 

6 „ 

06 

9 „ 

98 

12 „ 

100 


of that given by the standard motluxl of 
puddling. 

If pressure is applied to concrete after 


^ ‘University of WisooiiHiu, linlletin No. 197. 

^ “Effect of Vibration, Jigging, and TrcHsure on 
Presh Concrete,” Btruotural Matc^rials itesoarch 
Laboratory, Uliicago, 1910, BuUeiin JSo. 3. , 
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moulding, water is expelled and a drier concrete 
is produced. This gives increased strength. 

Abrams finds that 
a pressure of from 
200 to 500 lbs. per 
sq. in. during mould- 



Water Supply 
Filter (DY' 

Water TankCE) 


(For Test Piece connected at 0 
see Fig. 157) 


Fig. 156. 


ing increases the compressive strength by 20 
to 35 per cent. 

§ (142) Permeability of Concrete and 
Mortar. — Permeability depends upon minute 
passage ways in the material which are so con- 
nected that water can flow right through. 
Tests under high heads of water have been 
made, and show that even cement paste is not 
absolutely impervious. Concrete and mortar 
can, nevertheless, be made which, under 
normal pressures, do not show any dampness 
on the outside. 

Two methods of test are employed : 

(1) The amount of water passing through 
the material is collected and weighed. 

(2) The weight of water, which has to be 
supplied in order to keep a constant head, is 
measured {i.e. the water going into the 
test piece). 

The arrangement of a suitable apparatus 
for Method 1 is given in Fig. 156, and a 
section of the test piece, together with the 
can for catching the water, in Fig. 157. 

The test piece (7| inches diameter) has 
annular spaces at the outer edges of both the 
top and bottom surface painted with a rubber 
waterproofing paint. This leaves an annular 
piece 5 inches diameter in the original con- 
dition. Rubber washers A, A are placed over 
the waterproofing, and the specimen is securely 
clamped between the two cast-iron plates P, P. 

The water is applied to the top of the test 
piece through the pipe C, and any water 
passing through is caught in the can B. The 
specimen is soaked in water for 48 hours 
immediately before the test. 

The arrangement {Fig. 156) permits of six 
tests being carried out at once. Each test 
piece with its holder is attached to a union C. 
The water passes through a filter I) and 
tank E before reaching the specimen. Air 
pressure is supplied to the tank E by a 
compressor, an air reservoir E being inserted 


to equalise the pressure. Three gauges G 
are provided for reading the pressure — one on 
the air reservoir and two on the water pipe. 
Readings of the water collected in the can A 
are taken at frequent intervals at the com- 
mencement of the test ; but the rate of 
percolation of water 
diminishes as the test 
proceeds, and the 
intervals between the 
readings can be 
reduced until it be- 
comes constant. 

In order to measure 
the water supplied 
(Method 2), the 
arrangement is 
slightly modified by fitting a water reservoir K 
above the test-piece holder {Fig. 158). This 
reservoir is only partly full of water, and the 
pressure is applied to the top of the water by 




Fig. 157. 


the compressed air. The amount of water 
added at regular intervals, to keep the level 
constant in the gauge glass H, is recorded. 
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With an investigation carried out at the 
N.P.L. on the permeability of reinforced 
concrete under a pressure of 8-7 lbs. per 


A ir Pressure 



sq^uare inch, air pressure was replaced by an 
actual head of water of 20 feet, which was 
kept constant by adding water to a reservoir 
as described for the last experiment. 

§ (143) Testing Road Materials. — There 
are two methods of estimating the comparative 
value of materials for road construction. The 
first is to lay sections of a road with the 
materials which are to be compared and observe 
the effect of traffic on them, and the second 
is to subject the road materials to laboratory 
tests designed to imitate actual conditions 
met with on the road. The former method, 
with great care, will give results, but the 
process is long and costly. The use of 
some form of experimental road sections is, 
however, the only thorough method of test- 
ing asphalt carpets. Observations of the 
behaviour of macadam roads, constructed 
with rocks whose physical characteiistics 
have been determined by laboratory tests, 
enables those tests to be used in order to .ii 
judge the probable adaptability of any 
rock for use in road construction. 

A determination of the relative road- 
building qualities of different types of rock was 
first systematically attempted in Franco. The 
French School of Rridges and Roads installed 
a road materials laboratory in 1878, and it 
was there that the Leval ^ Attiition Machine 
was designed, and its excellence has led to 

^ Au7l d(‘s ponts et chaussdvs, 1879, and Bulletin du 
ALiuuUre dcs Tramux publics, 1881. 


its general adoption as- a standard testing 
machine. 

The testing of road metal was initiated in 
Germany in 1884 at the first Munich Conference 
for Establishing Uniform Conditions of Testing. 
They appointed a committee to draft the 
methods of testing that were necessary, the 
work ]3erformcd by this committee was 
reported to conferences held in 188G, 1890, 
and 1893, and definite X3ro])osals for testing, 
including the Ueval test, were submitted and 
approved. 

In 1893 Massachusetts Highway Commission- 
founded a laboratory for testing road materials 
in the Lawrence Scientific School of Harvard 
University. In 1900 the United States Govern- 
ment, because of the growing importance 
of road-material investigations, established a 
laboratory in the Bureau of Chemistry of the 
Dep)artment of Agriculture. This laboratory, 
transferred in 1905 to the Office of Publi(j 
Roads, examines, without charge, samples of 
road material submitted by any citizen of the 
United States. 

The only stone-testing appliance believed 
to be in existence in England prior to 1911 
was the “ Rattler ” attrition machine, de- 
signed and used by E. J. Lovegrove,® Bt)rough 
Engineer and Surveyor of Hornsey. 

In 1911 a road laboratory w'as inaugurated 
as a division of the Engineering Department 
of the N.P.L. , Teddington, in aceordanen 
with a scheme drawn up by the Road Board 
and ax)proved by the Treasury. work of 

the Road Board has now been taken over by 
the Ministry of TranB])ort (Roads Department). 

In order to preserve continuity with the 
work which has boon in x)rogross in otlicr 
countries, standard types of machines, as 
used by the United States Office of Public 
Roads, were adopted. 

§ (144) Attrition Test. -- Tlio machino 
used for this tost is of 
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since 1878. It is shown in Fig. 159, and 
consists OHSontially of four cylinders, 7J in. 
in diameter and 14 in. long, mounted on 

* Bulletin No. ‘M, on Physical Testing of Books for 
Hoad Bnildmg, IT.H. 1 )cT)artmcnt of Agriciilturc. 

“ LovcKrovc, Klctt, and Howe, Hoad-making ISiones, 
Attrition Tests in the Light of Petrology. 
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a frame in such a way that their aies are 
inclined at 30° to the axis of rotation. 

Eleven pounds of rock, numbering as nearly 
fifty pieces as possible, are placed in one of 
the cylinders, the cover bolted on, and the 
machine revolved 10,000 times at a rate of 
about 30 revolutions per minute. The 
dimensions of the stones should be such that 
every stone will pass through a 2|--in. ring 
but will fail to pass through a 2 -in. ring. 
Only the material worn ofi which will pass a 
sieve of mesh is considered in determin- 

ing the amount of wear. This amount is 
expressed as a percentage of the 11 lbs. used. 
In addition the French coefficient which is in 
general use is calculated. This is defined by 
the relation 

French coefficient of wear = t . 

rercentage of wear 

A wet test is also made, and for this pur- 
pose IT gallon of water is placed with the 
11 lbs. of stone. With the majority of stones j 
it is found that there is more w'ear under a 
wet test than under the dry test, hut occasion- 
ally the reverse is the case. 

An approximate relation has been established 
between this machine and Lovegrove’s Hornsey 
Rattler. 

§ (145) Repeated Blow Impact (Tough- 
ness Test), (i.) Preparation of Specimen . — 
The specimen is prepared in the form of a 
cyliader 1 in. diameter by 1 in. long. A 
piece of the rock is roughly chiselled to size 
li" IJ^ X It is ground approximately 
cylindrical on a large crystolon wheel, and 



Fig. 160. 


then placed in the chuck of a .grinding machine, 
where it is ground by a smaU crystolon wheel 
to exactly 1 in. in diameter. The chuck and 
stone are then taken to the diamond saw 
{Fig. 160), where the specimen is cut oS 1 im 
in length. 


(ii.) The Testing Machine . — The machine 
used for this test is known as the Page Impact 
Machine {Fig. 161). The blow is given by 
a 4'4-lb. hammer H, and acts through a 



(fl) (&) 

Pig. 161. — (a) llei)eated Impact Macliine for 
Cementation Tests. (6) Page Impact Machine. 


plunger P whose surface of contact with the 
specimen is spherical, and has a radius of OT in. 
The blow, as thus delivered, approximates 
to the blows of traffic, and the spherical end 
has the further advantage of not requiring 
great exactness in getting the two bearing 
surfaces of the test piece parallel; the entire 
load being applied, at one point, on the upper 
surface. The test consists of a 0-4 in. fall 
of the hammer for the first blow, and an 
increased fall of 0-4 in. for each succeeding 
blow, until failure of the specimen occurs. 
The number of blows required to destroy 
the test piece is used to represent the 
toughness, 

A sprocket chain S driven from the shafting 
is supported on sprocket wheels attached to 
castings at the top and near to the base of 
the machine. The chain is provided with 
small lugs which engage a spring bolt attach- 
ment projecting inward from the top of the 
hammer. This raises the hammer until it is 
tripped hy a rod R projecting downwards from 
a crosshead which slides on two rods connecting 
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the upper and lower castings. The cross- 
head is raised automatically through 0*4: in. 
after every blow by a lead screw driven by a 
worm and worm-wheel attached to the same 
shaft as the upper sprocket wheel. By 
throwing the lead screw out of gear with the 
crosshead the latter can be raised or lowered 
through any desired height or the test can be 
made with a constant height of fall. 

A slightly difierent method of preparing 
the test sample is sometimes employed, viz. 
by the use of a core drill. This consists of a 
brass core tube having at its lower end a 
steel ring containing eight small diamonds 
in its cutting edge, four on the outer edge, and 
four on the inner edge. The drill arranged 
to cut a rock core 1 in. diameter runs at 
200 to 300 revolutions per minute. Water 
is supplied to the inside of the drill and the 
specimen, through a stationary brass ring by 
a rub])er tube connection. 

§ (146) Abeasion Test. — The specimen is 
prepared in the same manner as that for the 
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repeated blow impact test, and in cases where 
both tests are required the specimens can 
usually be both cut from the same sample. 

The machine used (sometimes called a 
Hardness Machine) is of the “ Lorry ” type 
(JFig. 162), and consists of a circular cast 
steel disc L which revolves in a horizontal 
plane about a vertical shaft. The specimen S 
is held with its axis vertical and its lower end 
pressed with a force of 3*5 lbs. per square inch 
against the surface of the disc. Standard 
stand, 30 to 40 mesh, is fed continuously upon 
the disc through funnels E, and it is important 
that an even and constant supply of the 
abrading material should be fed to each sample 
tested. After 1000 revolutions of the grinding 
disc, revolving at the rate of about 28 revolu- 
tions per minute, the loss of weight of the 
specimen i,9 found. The test is rei^eated with 
the specimen reversed, and the average loss of 
weight computed from the two runs is used in 
determining the hardness. 

This is given by H = 20-| W, w^iere H 
is the hardness number or coefficient of wear 


and W is the loss in grammes per 1000 revolu- 
tions. 

§ (147) Cementation Test. — The cementing 
value of a rock dust measures the ability of that 
dust to h6ld the individual particles together 
to form a firm imper^dons road surface. 

The processes involved in making a test of 
the cementation value of a rock arc as follows : 

(i.) Grinding up a mixture of the r(3ck, 
coarsely crushed, and water into a stiff paste 
in a ball mill. 

(ii.) Forming briquettes from this paste in 
a mould under pressure, which are dried after 
24 hours. 

(iii.) Subjecting each briquette to repeated 
blows with a small hammer, and measuring 
aatomaticaUy the recoil of the hammer after 
each blow. 

(i.) £all Mill (Fig. 103).— M lb. of coarsely 
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crushed rock and 0-02 gallon of water are 
placed in the mill together with two steel 
shots each fi-1 in. in cliainoter. The samples 
are ground in this mill for 2^ hours, the mill 
revolving at the rate of 2()()() nwolutions p(w 
hour. The resulting paste is tlien ready to 
be moulded into briquettes. 

(ii.) Briquette Machine (Fig. 104), — The paste 
is placed in a mould M and a cylindric.al plug 
P screwed upon it. The mould is iu ooutacfc 
with the short arm of a weighted beam W, so 
that the pressure can be rogulafcod to give a 
maximum value of 1880 lbs. per squarci inclu 
The size of the briquette is 1 in. diameter and 
1 in. long. 

(iii.) Repeated Impact Machine (Fig. 105). — 
After drying for 20 hours in air and 4 hours 
in a hot-air bath at 200® E., the briquettes is 
allowed to cool for twenty minutes in a 
desiccator; it is then placed on the anvil of 
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the machine with its axis vertical. A small 
hammer H is operated by a cam C, so that 
the effective drop is always 04 m., and the 
force of the blow is transmitted to the speci- 
men S by means of a plunger P workiug in a 
vertical guide. This plunger is also connected 
to the arm of a lever, the other end of which 
carries a pencil L in contact with paper on a 
revolving drum, so that any rebound of the 
plunger after the blow is indicated on the 
paper. In this way a 
diagram is obtained 
which will give the 
number of blows after 
which there is no re- 
bound of the plunger, 
i.e. after which the re- 
silience of the speci- 
men is destroyed. Six 
specimens are made 
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from each sample, and the average result is 
taken as a measure of the cementing value 
of the material. 

Table 55 gives the interpretation of the 
results from the physical tests on road 
stones. 

§ (148) Petrological and Geological 
Characteristics. — Thin sections are cut from 
the stone and examined under the microscope 
to asceitain the nature, quantity, and dimen- 


when 1 in. diameter, are identical with those 
for impact and abrasion tests, and can be 
made with the same apparatus. 

§ (150) Endurance Tests on Model Roads. 
— It was recognised that in the case of the 
various test trial roads laid dowm in this country, 
such as those at Sidcup, the best method of 
road construction would not show measurable 
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wear or deformation until after years of heavy 
traffic. At the suggestion of Col. Crompton, 
Consulting Engineer to the Road Board, a 
model road-testing machine was designed at 
the National Physical Laboratory in order to 
provide a more rapid method of comparing 
the efficiency of methods of construction. 


Table 55 

Interpretation op the Physical Tests on Road Stones 



Attrition Test. 

Per cent of Wear. 

Impact Test. 
No. of Blows 
for Failure. 

Abiusion Test. 
Coefficient of 
Wear. 

Cementation 

Value. 

No. of Blows 
for Failure. 

Absorption of 
Water. 

Lbs./Cubic Ft. 

Craahing 
strength. 
Lbs./Sq. In. 

Dry. 

Wet 

— — 

Vi'ry good . . 
(Jood. . . . 
Kuirly good . 
Uutlicr ijuor . 
V(Ty poor . . 

2 and under 
2-1 -2-5 

2- G-3-1 

3- 2-4-I) 
Over 4-0 

2 and under 

2- 1-3.1 

3- 2-4-0 

4- 1 -0-0 
Over 5-0 ^ 

19 and over 
lG-18 
13-15 
8-12 

Under 8 

19 and over 
ir-18-9 
16-16-9 
15-15-9 
Under 15 

Over 100 

rc-100 

2G-75 
10-25 
Under 10 

0-10 and under 
0-11 -0-40 

0- 41-1.00 

1- Ol-S-OO 
Over 3-00 

Over 20000 
15000-20000 
10000-15000 
5000-10000 
Under 5000 


8io}is of the components which form the stone 
and determine the correct petrological designa- 
tion of the material. 

§ (149) Eurther Tests. — Specific gravity, 
absorption of water, crushing, sand-blast 
abrasion, and paving -brick rattler tests are 
carried out in the manner previously described 
for stones, bricks, and concrete in § (135). It 
is usual, however, when dealing with road 
stones, to make the crushing tests on cylinders 
1 in. or 2 in. diameter with the length equal 
to the diameter. The crushing test pieces, 


This design was approved by the Road Board, 
and its construction was commenced in 1912, 
the first run taking place in 1913. The 
machine {Fig, 166) consists of a circular track 
30 in. wide, having a mean diameter of 
34 feet. The endurance of the centre 24 
in. of this track is tested by the rolling 
on it of eight steel-tyred wheels, 3 in. 
wdde and 39 in. diameter. The wheels are 
at an angular distance of 45° from each other, 
and each wheel is rotated by a separate 
electric motor mounted on a steel arm which 




234 


ELASTIC CONSTANTS 


revolves round a centre post. The radial 
distribution of the wheels is such that the 
whole width of 24 in. is covered in one 
revolution of the arms, and in order to prevent. 


(i.) By excessive wave formation. 

(ii.) By disintegration. 

(iii.) By a combination of disintegration and 
excessive "wave formation. 



Fin. 166. 



as far as possible, the formation of ruts in 
the tested surface each wheel is moved back- 
wards and forwards radially by a cam 
mechanism through a distance of 1 in. 
The eight arms are all hinged to a rotating 
boss on the centre 
post, and at their 
outer ends are con- 
nected by spiral 
springs to eight 
corresponding canti- 
levers rigidly fixed 
to a second rotating 
boss connected with 
the fonner and im- 
mediately below it. 

The pressure of each 
wheel on the track 
can be adjusted to 
any desired value up 
to one ton. 

In order to in- 
vestigate the ques- 
tion of the formation 
of waves a special 
apparatus (Fig, 167) 
has been constructed 
for drawing cross- 
sections of the road 
at different points 
round the track and longitudinal sections at 
the centre of the tracks of the eight rotating 
test wheels. Plaster casts are also taken to 
obtain a permanent record of the appeai^ance 
of the road at various stages during the test. 

It has been found that a road becomes too 
bad for use in three ways : 


The formation of waves is increased by the 
road being subjected to heavy traffic after 
insufficient or unequal consolidation, while 
disintegration occurs rapidly with change of 
climatic conditions, if the road consists partly 


Fig. 167. 

of small or large stones, when these stones are 
brought to the surface by deformation or 
wear. 

A summary of the more important tests 
carried out with this apparatus is given in 
the Sixth Annual Report of the Road Board 
( 1916 ). 


ELASTIC CONSTANTS 


235 


§ (151) Bituminous Mateeials. — The 
physical character of bituminous binders and 
aggregates is determined by microsections, 
penetrometer and viscosimeter determina- 
tions, quantity and quality of the contained 
bitumen (whether natural or artificial), and 
the physical and chemical examination of 
the residue. 

§ (152) Limes and Cements. — The cement- 
ing materials ordinarily used in engineering 
construction are classified as follows : 

(i.) Gypsum plasters. 

(ii.) Limes — quicklime, hydrated lime, hy- 
draulic Hme. 

(iii.) Cements (hydraulic). 

§ (153) Gypsum Plasters. — In plaster of 
Paris, Keene’s cement, stucco, etc., the essen- 
tial constituent is gypsum in a more or less 
dehydrated state. 

Gypsum in its native state is crushed and 
ground, and then calcined at a temperature 
of 200° 0. The product is then finely ground 
and screened. 

Plaster of Paris is produced when the gypsum 
is not completely dehydrated. The theoreti- 
cal composition of gypsum is CaS04+2H20 
(a hydrous calcium sulphate). Plaster of 
Paris has the approximate composition of 
CaS04 + 0-5H20. The specific gravity of 
gypsum is 2*3, of plaster of Paris 2-57, and of 
completely dehydrated gypsum 2-95. 

Keene’s cement is practically pure calcium 
sulphate with a small percentage of calcium 
carbonate (CaCO^). For the manufacture of 
this cement the gypsum is procuiud in as pure 
a state as possible, and the resulting product 
is of an exceptionally pure white colour. 
The small percentage of CaCOs is introduced 
by dipping the calcined gypsum into a solu- 
tion of alum and then burning again. The 
introduction of this “ impurity ” produces a 
slow setting cement which ultimately becomes 
very hard. 

Cement plaster and stucco are calcium 
sulphates with adulterants which retard set- 
ting and increase plasticity. 

§ (151) Limes. — Pure lime (quicklime) is 
produced by the calcination of nearly pure 
limestone, at a temperature of about 500° C., 
in some form of vertical kiln. By this process 
the carbon dioxide is driven off from the 
calcium carbonate (CaO -f COjj = CaC03). Such 
limes slake violently on the addition of water, 
form calcium hydroxide (Ca(OH)2), and in- 
crease in volume by about 300 per cent. 
They harden slowly by absorbing carbon 
dioxide from the air. 

Poor limes have a high percentage of 
magnesia and slake more slowly. 

Owing to the fact that quicklime is in- 
sufficiently slaked or mixed in many cases 
when this is done on the job, this process is 
sometimes carried out in especially designed 


and equipped plant, where the operations are 
conducted more efficiently and with the 
minimum quantity of water. The resulting 
product is thoroughly screened and ground 
and is knowm as hydrated hme. 

Pure hydrated Hme should have a specific 
gravity of 2-08. It is usually tested, by 
chemical analysis, for fineness and soundness, 
and sometimes for tensile or compressive 
strength, in the manner presently to he 
described for Portland cement. 

Hydraulic Lime , — John Smeaton discovered 
that hmestone containing a small percentage 
of clay, when calcined, produces a hme w'hich 
hardens by chemical action apart from the 
absorption of carbon dioxide from the air. 
This hme slakes in the usual way, and, in 
addition, hardens under water ; it is therefore 
called hydrauhe hme. 

§ (155) Hydraulic Cements, of which the 
best example is Portland cement, are produced 
by the calcination of chalk and clay or suit- 
able limestone and shales. 

In various parts of the world there are 
deposits in which the mixing of these materials 
has been carried out by nature. The result 
of calcination of these natural deposits 
produces a natural hydrauhe cement. The 
natural rock contains as a rule an excess of 
carbonate of lime, rendering the resultiug 
cement poor in quality. 

Portland cement is an artificially produced 
cement in which the chalk and clay are 
accurately proportioned and thoroughly mixed 
together, before burning to a hard chnker at 
a temperature of about 750-800° C. The 
clinker is then ground, and forms the final 
Portland cement. A finely ground cement 
makes a stronger mortar than a coarsely 
ground one, hence the fineness of the cement 
is a property which it is necessary to specify. 

Portland cement is a British invention. It 
wa^ discovered by Joseph Aspdin in 1824, and 
owes its name to its resemblance, when set 
hard, to Portland stone. It sets rapidly, sets 
under water, and hardens slowly with but 
httle change in volume until it is nearly as 
strong as stone. The hydraulic property is 
due to the presence of silicate of alum in a. 

The British Engineering Standards Associa- 
tion, in their standard specification, define 
Portland cement as follows : “ The cement 

shall he manufactured by intimately mixing 
together calcareous and argillaceous materials, 
burning them at a clinkermg temperature 
and grinding the resulting clinker.” 

Cementing materials are subject to large 
variations in the quahty. It is necessary 
therefore to closely control the manufacture 
by imposing tests to ensure that the properties 
which it has been found are of first importance 
should reach a specified standard. 

I The main properties required in a cement 
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are strength, permanence, and time of setting 
suitable to the work. 

The principal tests -which are in general use 
to determine the suitability of the cement for 
fulfilling those requirements are : 

(а) Fineness of grinding. 

(б) Specific gravity. (This test was deleted 


Both the B.E.S.A. and the A.S.T.M. specify 
that the -wire cloth of the sie\^es shall be woven 
(not t-willed), and that the cloth is to be 
mounted on frames without distortion. The 
sizes adopted are slightly difiorent in the 
two specifications. Particulars are given in 
Table 56. 


Table 56 


Pdteness Test 



B.E.S.A. Specification. 

A.S.T.M. Specification. 

Size of sieve, wires per inch . 

180x180 

76x76 

200x200 

Diameter of wire, inches . 

0-0018 

0-0044 

0-0021 

Residue shall not exceed . 

14 per cent. 

1 per cent. 

22 ])cr cent. 

Weight of sample, grammes . 

100 grammes. 


50 grammes. 

Time of continuous sifting 

15 minutes on each sieve | 

Until not more than 0-05 grammes 
passes through in 1 minute. 


from the B.E.S.A. specification in August 
1920.) 

(c) Chemical composition. 

(d) Strength. 

(e) Time of set. 

(f) Soundness or constancy of volume. 

In order to obtain uniformity in the testing 
results, it is necessary that the conditions of 
test should be exactly the same in each case, 
and that the personal element should be, as 
far as possible, eliminated. 

This has been pro-vided for in the various 
specifications for Portland cement, such as 
those by the British Engineering Standards 
Association ^ (B.E.S.A.) or the American 
Society of Testing Materials ^ (A.S.T.M.), in 
which standard methods for carrying out the 
tests are described in detail. 

(i.) Sampling . — ^It is important that (1) the 
sample is representative of the whole consign- 
ment ; (2) a sufficiently large sample is secured 
to carry out, in duplicate, all the tests required ; 
(3) the storage of the sample is such that the 
quality of the cement is not affected before 
the tests are made, and (4) the sample is 
properly mixed if it is obtained from various 
parts of the consignment. 

Eight pounds of cement are usually sufficient 
for a sample. The B.E.S.A. specify that each 
sample shall consist of equal portions selected 
from twelve different positions in the heaps, 
bags, or barrels. Samples are usually stored 
in air-tight tins. 

(ii.) Fineness Tests . — The fineness of comont 
for specification purposes is determined by 
means of the weight of residue (as a percentage 
of the original weight of the sample) which is 
left on a sieve after a definite period of sifting. 

^ British Standard Specification for Bortlnnil 
Cement, Report No. 12. 

* Standard Specifications and Tests for Portland 
Cement, Specification No. C 9-17. 


Mechanical shakers are sometimes employed 
in laboratories where a large amount of work 
has to he carried out. They are not recom- 
mended, as very little time is saved as com- 
pared with efficient hand sifting, and the 
results are not so consistent. 

It is usually considered that the size of tho 
veiy fine flour of Portland cement cannot bo 
obtained by the use of sieves. For separating 
very fine powders, air separators are often 
used. These are fully described in tho Pro- 
ceedings of the International Association of 
Testing Materials for 1912. 

Abrams,^ as a result of a series of experi- 
ments on the effect of fineness of cement on 
the strength of concrete, finds tliat : 

(а) In general tho strength of concroto in- 
creases with the fineness of a given lot of 
cement, but there is no necessary relation 
between the sti'cngtli of concroto and, the 
fineness of cement if different coments arc 
used. 

(б) Fine grinding shortens tho sotting time, 
is more effective in increasing tho strength of 
lean mixtures than rich ones, and inen'easos 
tho strength of concrete more at seven days 
than at times from one to twelve moo tbs, 
i.e. fine grinding expedites tho hardening of 
the concrete. 

(c) If tho mixture is “ wot,” tho rate of 
increase of strength, duo to greater fineness, is 
lowered. 

(iii.) SpecAfic Gravity . — The weight of comont, 
or its “ apparent ” density, docroasos with fine- 
ness, i.e. a cement coarsely ground gives a 
heavier weight per cubic foot than tho same 
cement ground finely. The “ apparent ” den- 
sity of cement is only a compaiisoix of theur 
“real” densities or specific gravities when 
tho coments are of tho same degree of linenoss. 

® “ liliroct of PinenoHs of deiuont,” American Soc. 
Test. Mat. Proc., 1010, xix., part il p. 328. 
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The specific gravity of cement is lowered by 
adulteration, hydration, or under-burning. The 
diSerences in the specific gravity are usually 
so small that it is necessary to- exercise great 
care in making the determination. 

The specific gravity of cement should not 
be less than 3*10. The method of determina- 
tion which is recommended is by means of 
a specific gravity bottle. The standard Le 
Ohatelier apparatus is especially designed for 
use with cement. It is a volumenometer in 
which the liquid used is benzine, petroleum, or 
paraffin which has been freed from water by 
standing over quicklime (water causes hydra- 
tion of the cement and therefore an alteration 
of volume). 

(iv.) Chemical Composition . — The chemical 
analysis is not so important as the physical 
tests on cement. It, however, gives valuable in- 
dications in the detection of adulteration with 
considerable amounts of inert material, such 
as slag or ground limestone. It is also used 
to determine whether magnesia and sulphuric 
anhydride are present in excessive quantities, 

(v.) Strength Tests . — A finely ground cement 
wiU take a certain amount of inert material with- 
out reduction of strength, therefore a coarsely 
ground cement will give as high a strength as 
a finely ground one when the test pieces are 
made with neat cement. As cement is seldom 
used neat, a strength test on the neat material 
is no criterion of its strength when used in 
practice ; it, however, gives information re- 
garding the time of setting and the soundness. 
Tests on briquettes made with cement and 
sand (usually 1 : 3 by weight) are consequently 
specified, as a rule, in addition to those on 
neat cement. 

Cement is never used in tension, yet tensile 
tests are generally carried out in order to give 
an indication of strength. This is chiefly on 
account of their simpKcity, rapidity, and cheap- 
ness. There is, however, a tendency in some 
countries for compression tests to be sub- 
stituted for the hitherto universally adopted 
tensile method. It is to be noted that the 
recent strength tests by Abrams on fineness 
of cement, already referred to, were made on 
concrete test pieces in compression, 

§ (156) Tensile Strength of Cement and 
Mortar. — Test pieces used for tensile tests 
are moulded into the form shown in Fig. 168, 
which represents the briquette standardised by 
the B.E.S.A. The diflerences between this 
and the A.S.T.M. standard are only slight. 

The form of briquette has a considerable 
influence on the results. Coker ^ found that 
the ratio of the maximum stress to the mean 
stress with the B.E.S.A. briquette is 1*75 
approximately, while the American and Gon- 

^ “ The Distribution of Stress at tlie Minimum 
Section of a Cement Briquette,” International Assoc. 
Test. Mat. Proc., 1910-1913, ii., part ii., paper xxviii*. 


tinental forms give a value of 1-70 and 1-95 
respectively. The intensity of stress is greatest 
along the sides of the minimum section and 
least at the centre. 

Either single or gang moulds (see Fig. 169) 
are used for preparing the test pieces. The 
latter permits a number of briquettes to be 



moulded at one time and are preferred by 
many laboratories, since the greater quantity 
of material that can be mixed tends to produce 
more uniform results. 

(i.) Neat Cement Tensile Tests . — The quantity 
of water used in gauging has a considerable 
influence on the strength of the briquette, and 
should be such that the mixture is plastic 
when filled into the moulds. The amount of 
water varies with different cements, and it is 



Gang Mould 
Pig. 169. 


usual to make trial experiments to find the 
exact amount of water that is necessary. 
This varies from 18 to 25 per cent by weight 
of the cement. 

The moulds, during filling, rest on slate or 
some form of non-porous plates. They are 
filled by using the blade of an ordinary 7|-oz. 
gauging trowel, and it is usual to specify that 
no ramming or tamping is permitted. 

The temperature of the room and of the 
mixing wa'ter should be as near to 16° C. as 
it is practicable to maintain it. 

The briquettes are kept in their moulds, in 
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a damp atmosphere to prevent them from 
drying out, for twenty-four hours after 
gauging. For this purpose a moist chamber 
is a great convenience and improvement over 
the method of covering the test pieces with a 
damp cloth, winch is liable to dry out un- 
equally. A moist chamber consists of a slate, 
concrete or metal lined wooden box covered 
inside vdth felt, which is kept wet. The 
bottom of the box is arranged so as to hold 
water, and glass shelves for holding the 
briquettes rest on cleats fixed to the sides of 
the box. 

After the expiration of twenty-four hours 
the briquettes are removed from their moulds 
and immersed in fresh water maintained at a 
temperature of 16° C. This water is renewed 
every seven days, and the briquettes are left 
in water until required for testing. 

The strength of cement increases consider- 
ably with time from setting, consequently the 
age at which the test pieces are to be broken 
is specified. The B.E.S.A. specify that six 
briquettes are to be broken at seven days and 
six at twenty-eight days after setting, and 
that the breaking strength shall not be less 
than 450 lbs. per square inch at seven 
days, or a;-l-40,000/a; lbs. per square inch 
at twenty-eight days, where x — the actual 
strength in pounds per square inch at seven 
days. 

The rate of loading has a marked effect on 
the strength of the briquettes. The latter 
increases with the rapidity of loading, which 
has therefore to be standardised. The B.E.S.A. 
specify a rate of 500 lbs. per minute, while 
the A.S.T.M. adopt 600 lbs. per minute. A 
variation from these rates of 100 lbs. per 
minute introduces an error of about 2 per cent. 

The form of jaws used for gripping the test 
piece is shown on the testing machine in 
Fig, 170. The load must be applied without 
shock, and care should be observed to see that 
projecting edges are removed from the speci- 
mens to ensure that the briquettes are properly 
centred in the clips. A deviation of 0*062 
inches from correct alignment will decrease 
the tensile strength from 15 per cent to 
20 per cent. 

Tension tests of cement briquettes are gen- 
erally made in small lever testing machines of 
various types, in which provision is made for 
appl-ydng the load at a steady and definite rate. 

Messrs. Adio, London, supply a machine in 
which the load is applied by a regulated 
travelling poise. The poise is pulled along 
the beam by means of a suspended weight. 
The speed at which the weight descends, and, 
therefore, that the jDoise travels along the 
beam, is regulated by the cock in the plunger 
of a dash pot. The plunger is attached, 
through the poise, to the suspended weight 
by an arrangement of cords and pulleys. 


In the Bailey and Reid patent cement tester 
a cylindrical cistern is hung at the end of the 
single lever of the testing machine. A small 
stream of water is allowed to flow into this 
cistern, enabling the load to be applied in a 
gradual and almost imperceptible manner. 
The height of the water in the cistern is 
indicated by means of a glass tube similar to 
the gauge glass of a steam boiler, and the 
graduations, shown on the outside, indicate 
the load in pounds. A small trigger auto- 
matically closes the water - tap when the 
material is broken. 

A further method of applying the load is 
indicated in the machine shown in Fig, 170. 
This is a compound lever machine with the 
load applied by lead shot. The briquette is 
held between the jaws A, the lower jaw being 
attached to a straining screw S, by means 
of which the lover L is raised into position 
between the stops. The load is applied by 
running lead shot from the con- 
tainer G through a channel H 
into the bucket C, which is hung 
on to the end 
of the lever. 

The rate of 
loading is regu- 
lated by means 
of the adjust- 
able lever N, and 
the breaking of 
the test piece 
automatic ally 
shuts off the 
supply of 
operatin 
lever. 

particular ma- 
chine the leverage is 50 : 1, so that fifty times 
the weight of the shot gives the breaking 
load. The lovers are floatod before testing by 
adjusting the balance weight W. 

(ii.) Mortar {Cement and Sand) Tensile Tests, 
— Thoroughly washed and dried sand (obtained 
from Leighton Buzzard in Great Britain), 
which will pass a 20x20 mesh sieve but 
not a 30 X 30 mesh sieve, is used for tests in 
which sand is required. The wires for the 
sieves are 0*0164 inch and 0*0108 inch in 
diameter respectively. 

The cement and sand are mixed in the 
proportion of 1 : 3 by weight for the standard 
host pieces.; about IJ lb. of cement and 
3} lbs. of sand will make 12 briquettes. The 
gauging must be made without any ox(K)Ss 
of water being present. The quantity of water 
is approximately 10 per cent of the united 
weights of the sand and cement; the exact 
quantity required should be determined by a 
trial mixing. 

The gauging is carried out on some form of 
non-absorbing surface, ])rcforably glass, with 
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a room temperature and water temperature 
of 16° C. 

The method of filling is described by the 
B.E.S.A. specification as follows : 

“ The mixture gauged as above shall be 
evenly distributed in moulds of the form re- 
quired, each mould resting upon a non-porous 
plate. After fiUing a mould a small heap of 
the mixture shall be placed upon that in the 
mould and patted down with the standard 
spatula until the mixture is level with the top 
of the mould. This last operation shall be 
repeated a second time and the mixture patted 
down until water appears on the surface ; the 
flat only of the standard spatula is to be used, 
and no other instrument or apparatus is to 
be employed for this operation. The mould 
after being filled may be shaken to the extent 
necessary for expelling the air. No ramming 
or hammering in any form will be permitted 
during the preparation of the briquettes, which 
shall then be finished off in the moulds by 
smoothing the surface with the blade of a 
trowel.” The standard spatula is shown in 
Fig. 171. 

Various types of moulding and mixing 
machines have been devised and are in use 
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in some countries. They are, however, not 
allowed by the B.E.S.A. specification. Mechani- 
cally moulded briquettes give greater strength 
than hand-moulded ones. 

Mortar briquettes are stored in moist air 
for twenty-four hours and then in water (at 
16° C.) until required for testing. They should 
be broken as soon as possible after being taken 
out of the water, and should never be allowed 
to dry. The B.E.S.A. specify that six bri- 
quettes are broken after periods of seven and 
twenty-eight days respectively, at a uniform 
rate of loading of 500 lbs. per minute (600 lbs. 
per minute in the U.S.A.). The strength should 
not be less than 200 lbs. per square inch at 
seven days after gauging, or a; -P 10,000/a; lbs. 
per square inch twenty-eight days after gaug- 
ing, where a;=the actual strength at seven 
days in pounds per square inch. 

§ (157) CHilRACTERISTia EQUATIONS FOR 
Tensile Tests. — Unwin ^ has found that the 
rate of hardening of cement and cement 
and sand briquettes follows, very approxi- 
mately, a simple law. 

If ?/ = the strength of the briquette in pounds 


^ Testing of Materials of Constn^ion, 1910 ed. 
p. 459. 


per square inch at x weeks after gauging, and 
a, 6, and n are empirical constants, Unwin 
found that y = a + bx^. 

n is constant for one cement, and if a be 
taken as the initial strength after one week, 
y~a-^h{x- 1)”. 

For tension briquettes the gain of strength is 
nearly proportional to the cube root of the 
time of hardening. 

Thus for Portland cement in tension n~l 
and y=a-^b 

where a = the initial strength (at 7 days), 

b=a. constant varying with the rate of 
increase with time. 

These two constants give a clear indication 
of the character of the cement. 

In the B.E.S.A. specification for neat cement 
briquettes, where the lowest value which is 
accepted for a is 450 Ibs./sq. in,, and 
the minimum value for y is therefore 
= 450 -f 40,000/450 = 539, 

y — a^billx-\, 

and if a; =4, 

539 = 450 4-6^/4^1, 
therefore 6 = 61-8, 

or 2/=450 4-61*8 1. 

§ (158) Setting Time. — There is a distinc- 
tion between setting and hardening. The 
initial setting is the commencement of the 
chemical action which occurs when the water 
combines with the cement; hardening is a 
much slower process. As a disturbance of 
the setting process may produce a loss of 
strength, it is desirable that the initial setting 
is not interrupted, and that the whole opera- 
tion of mixing and moulding should he com- 
pleted before the cement begins to set. 

The initial setting time is the time which 
elapses from the moment water is added until 
the paste ceases to he fluid and plastic. For 
the B.E.S.A. specification the time is taken 
from the moment that the special mould is 
filled with the gauged cement, and not from 
the time that water is added to the cement. 

The final set is acquired when the material 
attains a certain degree of hardness. 

The B.E.S.A. specification of March 1915 
recognised three distinct gradations of time 
of setting, viz. : 


Grade. 

Initial Setting 
Time in Minutes. 

Final Setting Time 
in Minutes. 

Quick 
Medium . 
Slow 

Not less than 2 
Not less than 10 
Not less than 30 

10 to 30 

30 to 180 

180 to 420 


In the revised specification (August 1920), 
the medium and slow setting cements are 
replaced by a grade having a minimum initial 
setting time of 20 minutes and a maxi m u m 
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final setting time of 10 hours. The quick 
setting grade is retained, but the minimum 
final setting time is not now specified — the 
maximum final setting time is not to be 
greater than 30 minutes. 

The test block for setting time is made in 
a special mould (80 mm. diameter and 40 mm. 
high) and filled with neat cement, mixed and 
gauged in the manner described for tensile tests. 

The time of initial setting is determined 
empirically by the time taken, after filling 
the mould, for a weighted needle to cease to 
pierce the test block completely. The B.E.S.A. 
specification has decided on a special apparatus 
for carrying out this test called the “ Vicat ” 
needle. The needle is one millimetre square 
in section with a flat end, and the total weight 
of needle and attachments is 300 grammes. 
The apparatus is fitted with a device for 
measuring the depth of penetration of the 
needle. 

The final setting time is determined em- 
pirically by the same apparatus, but using a 
slightly different form of needle. A needle of 
the same section as before projects 0*5 mm. 
beyond a hoi lowed- out circular cutting edge 
(5 mm. in diameter). The final setting time 
is taken as that when the needle makes an 
impression but the circular attachment fails 
to do so. 

The setting times are affected by the tem- 
perature of the mixing water, the percentage 
of water used, and the temperature and 
humidity of the air. It is preferable for the 
tests to be conducted in moist air. 

§ (159) Soundness or Constancy of 
Volume. — A cement which remains perfectly 
sound is said to be of constant volume. 
Failure is shown by cracking, swelling, blow- 
ing, or disintegration. To ascertain the 
soundness of Portland cement a rough test 
is to make a pat of cement J inch thick, 
gauged vith 25 per cent by weight of clean 
water on non -porous material, preferably 
glass. This is placed in water at 16° C., 
after twenty-four hours in moist air, and left 
there for inspection at intervals ; it should 
show no signs of failure. 

This test is sometimes accelerated by ex- 
posing a pat of the cement for five hours, in 
an atmosphere of steam, to a temperature of 
98° 0. to 100° C. 

The test specified by the B.E.S.A. is the 
Le Chatelicr test. This is mfi.de in the ap- 
paratus shown in fig. 172, which consists of 
a small split cylinder of brass (0*5 mm. thick) 
forming a mould 30 mm. internal diameter 
and 30 mm. high. On cither side of the split 
two indicators with pointed ends are attached. 
The distance from the ends of the indicators 
to the centre of the cylinder is 1G5 mm. 

The Lo Chatelicr test has been accepted 
unreservedly in England, and the International 


Association of Testing Materials ^ decided to 
recommend the method as the standard acceler- 
ated test for constancy of volume of cements. 
The method is to be carried out as follows : 

“ The cement is gauged and filled into the 
mould on a plate of glass, the edges of the 
mould being held together. When the mould 
has been filled it is covered with a plate of 
glass held down by a small weight, and the 
whole is immersed in water at 15° C. for 
twenty-four hours. Any tie or band which 
has been used to keep the edges of the mould 
together during setting time is then removed. 
The distance between the indicator needles is 
then measured and the mould is placed in 
cold water, which is raised to a tomperaturo 
of 100° C. in the course of half an hour and 
is kept boiling for six hours. The mould is 



0‘02 thick ^ 
h18 ins. Diantr- 



Pig. 172. Brass 


removed from the water, and after it has cooled 
the distance between the indicator needles is 
again measured. The difference between the 
two measurements represents the expansion of 
the cement. This must not exceed ton milli- 
metres when the cement has boon aerated for 
twenty-four hours, and five millimctros when 
the cement has been aerated for seven days.” 

§ (160) Effect of Storage of Cement on 
THE Strength of Concrete. — Abrams ^ finds 
that the effect of storage of cement on the 
strength of concrete or mortar is largely a 
question of the age at which concrete or 
mortar is tested. The storage period and 
the age of the concrete or mortar at tost are 
of greater importanco than the exact condition 
of storage, so long as the cement is protected 
from direct contact with moisture. 

The deterioration of cement in storage aj)- 
pears to be duo to absorption of atmospbfU’ic 
moisture, causing a partial hydration, w]\i(di 
exhibits itself in reducing the early strength of 
the concrete and prolonging the time of sotting. 

Compression tests of concrete and mortar 
show a deterioration in strength with storage 
of cement for all samples, for all conditions 
and periods of storage, and at all test ages. 

R. a . R. 

^ Blount, “ On Accelerated TestH of the (V>iiHtan(‘y 
of Volume of Cements,” Inter. Assoc. Test. Mat. 
Proc.. 1000, 5t]i Congress, paper x./3. 

“ ' Effect of Storage of Cement,” Minutes of 
Spring Meeting of tho J^ortland Cenumt AHHociution, 
April 1920, and Structural Mati'rlals jieaearcli 
Laboratory, Chicago, Bulletin No. 0, June 1020. 
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Elastic Constants of Metals : 

Measuring Instruments for determining. 
See “ Elastic Constants, Determination 
of,” § (4). 

Methods of Determination. See ibid, § (5). 
Elastic Limit : 

Definition and Method of Determination. 
See “ Elastic Constants, Determination 
of,” § (62). 

Determination of Elastic Limit by Change 
of Temperature. See ibid. § (62) (i.). 
Elastic LnvnT and Yield Point. Method 
of determination at high temperatures. See 
“ Elastic Constants, Determination of,” 
§ ( 116 ). 

Elasticity, Isothermal and Adiabatic. 
See “ Thermodynamics,” § (55), 

ELASTICITY, THEORY OF 

§ (1) Introductory. — The theory of elas- 
ticity is concerned with the small relative 
displacements of dijSerent points in a body 
which occur under the action of applied forces : 
the forces may or may not constitute an 
equilibrating system, but in the great majority 
of examples which have been treated hitherto 
they are both in equilibrium and steady, so 
that ultimately the problem is one of the 
statics of each component particle. Logically 
considered, the science follows that of rigid 
dynamics in the process of development by 
which the scope of mathematical analysis 
has been extended to embrace more and more 
of the properties of real bodies. Thus, the 
theory of the “ dynamics of a particle ” treats 
of motion in its simplest form, and can 
be applied to problems in which it is suffi- 
ciently accurate to assume that the displace- 
ment of every particle is the same. Rigid 
dynamics takes account of the additional com- 
plexity introduced by rotation, whereby the 
motion of a constituent particle depends upon 
its position in the body; but it retains the 
assumption that the distance between any 
two particles is unchanging, and is thus 
equally powerless to deal with such problems 
relating to the behaviour of real bodies (in 
which absolute rigidity is never experienced) as 
the determination of the pressures with which 
a heavy beam will bear upon three or more 
supports. It is left for the theory of elasticity 
to bring problems of this nature, for the first 
time, within the range of exact calculation. 

§ (2) Elasticity defined. — Practically aU 
materials which are employed in construction 
exhibit in some degree the property of elcLS- 
ticity ; that is to say, they deform under the 
action of applied forces, but when the forces 
are removed they recover their original shape. 
In the theory of elasticity, as at present de- 
veloped, this property is regarded as absolute, 
and the applicability of its results to practice 




is limited in the main by the extent to which 
actual materials may be considered to satisfy 
its fundamental assumption — that their be- 
haviour under applied forces is independent 
of their previous history. It is doubtful 
whether perfect elasticity, as thus defined, 
is exhibited by any actual material.^ Thus, 
the behaviour of wood under applied forces 
is dependent to a considerable extent upon 
its dryness and temperature, and of rubber 
upon the forces to which it has recently been 
subjected : most metals and other crystalline 
materials possess practically perfect elasticity 
under small forces, but their behaviour depends 
in part upon their previous history when the 
forces exceed certain hmits. 

§ (3) Stress and Strain. — In the develop- 
ment of the precise mathemathical theory, it 
is found convenient to introduce two new 
physical concepts, for which we employ the 
terms “ stress ” and “ strain.” To under- 
stand these terms, we may consider the motion 
or equilibrium of that portion of an elastic 
solid which is contained within the volume of 
the small parallelo- _ 

piped indicated in 
Fig. 1. The con- 
tained material 
will in aU practical 
instances be sub- 
jected to body 
forces such as 
gravity, and to 
balance these (and 

also to overcome its inertia, if the material is in 
accelerated motion), forces must be exerted 
across the containing faces by the surrounding 
material. We need not concern ourselves 
here with the difficult physical problem of 
explaining the mechanism by which these 
forces are exerted : it is sufficient for our 
purpose to remark that the action, whatever 
it is, must be of a reciprocal nature ; that is 
to say, the force which is exerted upon the 
contained material, across the face ABDC, by 
the surrotmding material must be equal and 
opposite to the force which is exerted by the 
contained material, across the same face, upon 
the surrounding material. Similar considera- 
tions will apply in regard to the other faces. 

Confining our attention to the forces which 
are exerted u^on the contained material, let 
us denote by P the resultant force exerted 
by the total action across the face ABDC. 
Whether the elastic solid as a whole be in 
equilibrium or in motion, the magnitude of P 
will depend upon the area of this face ; but 
the quantity defined by 






B 


Fig. 1. 


^~[Area of ABDC_ 


( 1 ) 


^ See “ Elastic Constants, Determination of,” 
§§ (14)-(25): “ Structures, Strength of.” 
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will tend to a definite (and in general 
finite) limit as the area is indefinitely re- 
duced, and to this limit we give the term 
“ stress.” 

The dimensions of a stress can evidently 
be represented by [M][LJ'TT]"^ and it is 
clear from the expression ( 1 ) that it shares 
many of the properties of a force. It has 
magnitude and direction, and the stresses 
acting on a given surface can be resolved and 
compounded by the vector law : further, 
from what has been said above, it is really a 
quantitative expression for the intensity, not 
so much of the action on any definite portion 
of the material, as of the mutual action be- 
tween the two portions of material which are 
separated b}^ a specified surface. 

Just as the idea of “ stress ” is an extension, 
for the special purposes of our subject, of the 
familiar concepts of mechanics, so “ strain ” 
is a development of the purely kinematic 
concept of relative displacement. Reverting 
to Fig. 1 , we assert that the material under 
consideration will be unstrained, whatever its 
motion as a whole may be, so long as the volume 
occupied by any definite part of it remains 
unchanged both in size and shape ; the motion 
of unstrained bodies is thus the province of 
rigid dynamics. On the other hand, if we 
consider the material which in one configura- 
tion is contained within the parallelopiped 
ABBCEFHG, and if in a second configura- 
tion the same material is contained within a 
volume of different size or shape, then we 
may say that the second configuration can be 
obtained from the first by a process involving 
strain. 

Confining our attention to the edges of the 
original parallelopiped, we notice that strain 
may involve a change in one or more of the 
lines AB, BD, . . ., etc., or in one or more of 
the angles CAE, CAB, . . ., etc., or in both. 
Stretching of the material in the direction of 
the axis Ox will be accompanied by a change 
in the length of AB. Let A' and B' denote 
the new positions of the points A and B : 
then the fractional alteration in the length of 
AB will be given by 


TA'B'-ABl 

*=L'Ajr-i- 


( 2 ) 


and while both the numerator and the denom- 
inator of this expression tend to zero in the 
limit, as the length AB is indefinitely reduced, 
their ratio will tend to a limit which must 
be finite (if we exclude the possibility of dis- 
continuous displacements, which would in- 
volve rupture of the material), but will not 
in general be zero. To this limit wo attach 
the definite term “ stretch ” : it is clearly a 
non-dimensional and scalar quantity.”^ 


^ The term “extension” is also used to denote 
this quantity. 


In much the same way, we may measure 
the change in the angle CAE by the expression 

7 = CAE-C^A'F/. . . . (3) 

For strict conformity vdth (2), wo ought, of 
course, to divide the quantity on the right 
by the original magnitude of the angle. But 
owing, probably, to the fact that 7 , as defined 
in (3), is already a non-dimensional scalar 
quantity, it has become customary to dispense 
with this operation, and to define 7 as the value 
of the expression (3) when the original angle 
CAE is specified to be a right angle. Wo thus 
obtain the concept of a second typo of strain, 
to which is usually given the term “ shear- 
strain,” or “ slide.” 

§ (4) Inter - RELATION of Stress and 
Strain. Hooke’s Law. Princuple of Sufer- 
rosiTTON. — Maldng use of the terms which 
we have thus defined, we may say that the 
theory of elasticity is concerned with the 
determination of the stresses and strains 
which occur in a body under the action of 
appHed forces, and the fundamental assump- 
tion explained in § ( 2 ) may be correspondingly 
expressed by saying that a perfectly definite 
stress will accompany any given strain, and 
vice versa. We must now refer to another 
assumption, totally different both in nature 
and importance, although in the development 
of the theory it has become almost as funda- 
mental as the assumption of perfect elasticity. 
This asserts that the relation between stress and 
strain is one of direct proportio7ial%iy. That 
the assumption is representative of actual 
materials was first discovered, in 1078, by 
Hooke, and the relation is for this reason 
commonly known as “ Hooke’s Law.” 

To give prc'oiHioii to “ Hooke’s Law,” the constant 
of proportionality requires to bo statocl, and wo must 
theroforo consider what are the ])oHHil)lo ty])eH of 
stress and of strain. Wo hav(^ hoc'u in § ( 3 ) that the 
total stress across any inniginary surface in a body 
can bo resolved into components by the vector law. 
Let us then resolve in directions normal and tan- 
gential to the surface. I’ho first (iomporient may be 
termed a “ normal stress,” since it constituteH an 
action between the two portions of material which 
lie on opposite sides of the surface, tending to j)rcvcut 
their relative motion in a direction normal to the 
surface : if the action tends to prevent tluiir .vepam- 
iion it is termed a “ tensile stress,” and if it tends 
to resist their approach, a “ compressive stress.” 
The convenience of those terms is obvious, since 
they describe the stresses which occur on cross- 
sections of a straight rod under the action of end 
tension and compression respectively. 

For a component stress of which the direction is 
parallel to the surface it is usual to employ the •terms 
“ tangential ” or “ shear stress.” Tlicso terms de- 
scribe an action between the two portions of matc^rial 
lying on opposite sides of the surface, which tends 
to prevent them from sliding relatively to one 
another, without separation ; it will bo realised, 
therefore, that shear stress is brought into action, 
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by solid friction, at the surfaces of two bodies 
which are in contact and sHding relatively to one 
another. 

Before proceeding further, it will be convenient 
to introduce a notation for the component stresses 
which we have just discussed. Let us consider the 
action at the face CDHG of the elementary parallele- 
piped of Fig. 1, and let the force exerted on the 
paraUelopiped by the material which lies on the 
z side of this face be resolved into components Px, 
Py and Pg, parallel to the axes Or, Oy, O2 re- 
spectively. Corresponding to the components P^ 
and Py we have tangential stresses, which we may 
denote by Zx and Zy respectively ; and corresponding 
to Ps we have a normal stress, which we denote 
similarly by Z^. It will be noticed that in this 
notation the capital letter defines the face on which 
the stress in question acts, whilst the suffix denotes 
the direction of the force exerted. 

Passing through every point in the material we 
have three mutually perpendicular faces of the 
kind just considered, and on each there are three 
independent components of stress which require 
symbols. Nine stress-components are thus intro- 
duced, namely, three normal stresses, X®, Yy, Zz, 
and six tangential stresses, Xy, Xz, Y^, Yx, Z®, Zy. 
But the last six components can be reduced in effect 
to three, since we may show that 

Xy = Yx, Yz = Zy, Zx = Xz. . . (4) 

These relations may be proved by considering 
the equilibrium of an elementary parallelepiped, such 
as is shown in Fig. 2, •which requires, inter alia, 



that there shall be no tendency to rotate. A little 
reflection shows that body forces such as are exerted 
by gravity, if of finite intensity, have a negligible 
turning effect, and that the only components of 
stress which have a tendency to turn the parallelo- 
pipod about the axis YY (if the dimensions of the 
faces are so small that the resultant force corre- 
sponding to any stress can be assumed to act at the 
centre of the face affected) are the components Xz, 
on the two faces which are normal to the a:-axis, 
and the components Zx, on the two faces which arc 
normal to the s-axis. The total forces contributed are, 
for the former stresses, of magnitude (X3 . AC . AD) 
(we have to multiply the stresses by the areas of 
the faces upon which they act), and for the latter, 
of magnitude {Zx . AB . AC), as shown. Now the first 
two forces act in opposite directions along lines 
which are a distance AB apart, and the second in 
opposite directions along lines which are a distance 


AD apart : thus the first pair produces a couple of 
magnitude (Xz . AB . AO . AD), and the second a 
couple of magnitude (Z^ . AB . AC . AD), and (as is 
evident from the diagram) of opposite sign. The 
condition of equilibrium therefore requires that 

Zx . AB . AC . AD=Xz . AB . AC . AD, 
whence the third of the relations (4) follows directly, 
and the other two relations hy similar reasoning. 

It can be shov^m that the stress - components 
defined as above, and reduced in n'umber, hy the 
relations (4), to six, are sufficient for representing 
the most general system of stress which can obtain 
at any point in a body. By means of certain 
“ formulae of transformation,” the stress-components 
on any other plane through the point can be written 
down, and it may be shown that in any possible 
system of stress there ■will be three planes through 
any point, mutually perpendicular, on which the 
stresses are purely normal- Hence, in proceeding "to 
derive the exact stress-strain relations required to 
give precision to Hooke’s Law', "W'e may confine our 
attention to a system of three mutually perpendicular 
normal stresses. 

Notation is similarly required for the different 
components of strain. In § (3) we considered two 
distinct types, to which "V’e gave the names “ stretch ” 
and “ slide.” We now introduce the notation exx 
for the stretch in the direction of the axis Ox — ^thc 
double suffix indicating that the strain in question is 
a relative displacement of two planes, each of which 
is perpendicular to the axis of a; ; and in conformity 
■with t.biR notation we employ the symbol e^z 
angle y defined in (3) — the double s^uffix here 
indicating that the strain in ques^tion is a relative 
displacement of plan^ which are perpendicular to 
the axes y and z respectively. It is oh'rious that 

exy~®y»j Cyz~^zV’ ^zx~^xz> • * (^) 

SO that corresponding to our six distinct components 
of stress w’e have six distinct components of strain, 
and these may be shown to be sufficient for de fin i n g 
the most general type of strain which can obtain 
at any point. By means of “ formulae of trans- 
formation ” similar to those which we have noticed 
as holding for stresses, we can express in ■terms of 
exx, • - -t. eyz, . . etc., the strain-components 
corresponding to any other system of axes, and we 
may prove that in any possible system of stress 
there will exist three directions through any point 
which are mutually perpendicular, both before and 
after strain : the strains in these directions are 
■termed “ principal strains ” at the point considered, 
and the directions themselves are termed “ principal 
directions of strain.” 

Considerations of symmetry show that the 
principal directions of strain will always 
coincide, in materials which are isotropic, i.e. 
which exhibit similar properties ia all direc- 
tions, — with the directions of the three p^urely 
normal stresses to which we have referred 
above ; we shall therefore define our stress - 
strain relations completely if we can 'wn^te 
do'wn relations between the three “ principal 
stresses,” as they are generally called, and the 
corresponding “ principal strains.” We begin 
by considering the strain system which is 
involved hy a simple tensile stress, of amount 
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Tj. This stress will evidently be one of the 
three principal stresses at the point considered, 
and the other two will he zero ; it might be 
expected, therefore, that two of the three 
corresponding principal strains will vanish. 
Experiment shows, however, that the facts 
are different : the tension T^ is accompanied 
by a proportionate stretch in its own direc- 
tion, together with proportionate contractiois 
{i.e. stretches of negative sign) in directions 
perpendicular to this. That is to say, if we 
choose our axis of x to coincide with the 
direction of Tj, then corresponding to the 
stress -system 

X,=Ti, Y. = Z,=0, 

we have the strain -system 

Ti Tj 

^■xx — ■jg j ^vv — ~ ~ — ~ cr 



where E and o*, by Hooke’s Law, are constants 
of the material. 

The quantity E is known as Young's Modulus. 
It evidently has the dimensions of a stress, 
and may in fact be defined as the stress which, 
acting alone, would involve a stretch of 
magnitude 1 — i.e. a doubling of the distance 
between any two points in the material — 
measured in its own direction.^ On the other 
hand, the quantity denoted by tr is non- 
dimensional, being the ratio of the lateral con- 
traction ( - e^y) to the longitudinal extension 
(e^ja.) : it is known as Poisson's Ratio, and 
the fact that it has finite values in actual 
materials introduces very considerable com- 
plexity into the calculations of elastic theory. 

Similar expressions will give the strain- 
systems which correspond to tensile stresses 
acting in the directions of Oy or Os ; thus, 
corresponding to the stress-system 
Xa.=0, Yj/=T2, Zg=0, 
we have the strain-system 

__ Ts _T2 _ Ta 

— ^E’ — E’ 

and corresponding to the stress-system 
Xa;=Yy=0, Zs!=T^, 
we have the strain -system 
T 


— ^1/y — 




(7) 


( 8 ) 


The most general system of stress, as we 
have seen, will involve three principal stresse?^ 
at every point, and by a suitable choice of axes 
it can be written in the form 


Xjc — Tj, Yy— To, Zg — T3, 
X„=Y,=Z* = 0. / • 

Wo can at once write down the corresponding 
strain-system, by means of the relations (6)-(8) 
above, if toe. may assume that each com.’ponent 

^ Tills is on the assumption that the clastic 
properties of the material are not impaired by the 
a(‘tion of a stress of the masnitiide considered ; in 
actiial_ materials, as is stated later (§ (7)), failure of 
elasticity would occur at a very much smaller stretch. 


stress is acc.omgtanied by the same strahis, 
whether it acts alone or in cmjuuction with 
others. This assumption cannot bo completely 
justified on a priori grounds, but all experi- 
mental evidence supports it, and it has become 
one of the foundations upon which clastic 
theory has been built up. It is known as the 
Principle of Superposition. 

We adopt, therefore, for the strain-system 
corresponding to (9) the following expressions : 


fi«x = |,{X*-<r(Y„ + Z,)}; 

g }■ » 

^zz “ ~ <^{^x + Yj/)}, 


( 10 ) 


^xv — ^yz — ^zx ‘ — 0, 

and from what has been said above it will bo 
evident that in these equations wo have a com- 
plete and definite statement of the stress-strain 
relations, in an isotropic material, of which 
Hooke’s Law is the qualitative expression. 
It is easy to deduce from them the following 
alternative forms of the stress-strain relations : 


(l-(r)E r u , 

^“’~(l+(r)(l -■2cr)V“'^l 

Y - ( l-QE f <r 


>}■ 


(J 


rr (I ~ 0')E C V , .1 

~ (T+^)( 1X2;^ ■(_ + 1 _-^(exx + 

X„=Y*=Z„ = 0. ) 


§ (5) Stress - STRAIN Relations in the 
General Case. — Equations (11) give the 
principal stresses in terms of tho principal 
strains. They are frequently written in tho 
simpler form 


where 


Xa; = \ A -f 2/xea-a;, 

Yj, =XA -f- ^jXCyy, 

Zg — \ A “h 2if/.egg, 

X- 9 ^ 

(l-f-^){r-2a-)' ^^“(l+cry 


( 12 ) 


and A denotes tho quantity 


(’•XX + Cj/i, -t- Cgg, ) 


which is known as tho dilatatioti. Obviously, 
A represents tho fractional change of voliuno 
which will be ])roducod in an elornontary 
parallolopiped of tho material, as the rcstiit 
of the three strains Cyy, and e^g occurring 
simultaneously, if we may regard those str'ains 
as small ,* for this fractional change is given by 
5V 

= (1 -f ea!a!!)(l + <2i/i/)(l ®*z) 1) 

= ^XX 4* Cyy -1- egg, 

if we neglect small quantities of order higher 
than the first. 

By addition of tho three equations (12) wo 
have 

Xffi + Yy -|- Zg = (3X -f 2/4)A, 
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equal, and of magnitude T, this equation 
may be written in the form 

^ = 3xT^’ • • ■ 

which gives the fractional increase of volume 
caused by a stress of uniform intensity T in 
all directions. A stress of this nature, but 
negative in sign, is produced by the action of 
hydrostatic pressure ; the fractional change 
of volume is also negative, i,e. a contraction ; 
and the quantity -J(3\ + 2g), which evidently 
corresponds in equation (13) to the quantity 
E in the expression (6) for is by analogy 
termed the Modulus of Compression^ or Bulk 
Modulus, of the material. It is often convenient 
to have a special symbol for the quantity, 
although it is not an independent constant 
of the material, and the symbol usually em- 
ployed is K ; we have, from (12) and (13), 

+ . (14) 

Another constant of frequent occurrence, 
also expressible in terms of E and a, is the 
“ modulus of rigidity,” often denoted by C 
or N. We may conceive a stress - system 
such that a small cube of the material is 
completely free from stress on two opposite 
faces, and subjected to simple shear, of in- 
tensity S, on the other four : the relations 
(4) show that the shears 
on one pair of opposite 
faces must be equal to 
the shears on the other 
pair, and we may there- 
fore tahe Fig, 3 as repre- 
senting the stress-system. 
If we consider the corre- 
sponding stress across 
the diagonal surface 
ABCD, it is easy to show, from the condition 
for equilibrium of either of the two parts into 
which this surface divides the cube, that it will 
be purely normal, tensile, and of intensity S ; 
similarly, the stress on the other diagonal plane 
'will be purely normal, compressive, and of in- 
tensity S. If, therefore, we take our axes of x, 
y, and z parallel to EE, BA, AD respectively, 
we see that the stress-system -will be given by 

X„=S, Y.= -S. Z. = 0,| _ 
X,=Y,=Zx = 0, J 

and the corresponding strain-system, by (10), 
will be given by 

1 -H O' 'v 

W'’” "*■'‘'’1. . (16) 

figj; “ 0. ' 

Thus we sec that the diagonal EE will 
lengthen by a fractional amount (1 -i-cr)(S/E), 
and that the diagonal AB will contract by a 
like amount. The two diagonals will remain 



perpendicular, and if dashes indicate positions 
after strain, we have 

tan = 

EG (l4-€a:£c)EG l-tOxx 

Now the change produced by strain in the 
right angle AEB is obviously equal to 

|-2(A'E'G'), 

and this change is the angle y of shear strain, 
or “ slide,” as defined in equation (3) of § (3). 
Thus we have 


2-4 


whence 


2 2 -f- exx + fiyi 


if we regard the strains as small, and neglect 
small quantities of the second order. To the 
same approximation, we may "write 7/2 for 
tan 7/2 ; we thus obtain, finally, 

y = exx~eyi„ 


= 2(l-f(r)|. 


(17) 


The “ modulus of rigidity,” by analogy 
■with the definition of E which has been given 
above, is defined as the intensity of shear 
stress required to produce a slide of amount 
1. Hence the slide 7 which corresponds to a 
shear stress S is given by 

7=1 (18) 

and by comparing (17) with (18) we see that 

0=271^) = • ■ • 

that is to say, the modulus of rigidity C 
(or N) is identical "with the constant fi of 
equation (12). 

The results expressed by (14) and (19) enable 
us to impose certain limits upon the values which 
are possible for cr. It is clear that the three moduli 
denoted above by E, C, and K must all be positive : 
otherwise, it would be possible to obtain an in- 
definite supply of energy from elastic material by 
putting it through an appropriate cycle of stress, and 
the principle of Conservation of Energy would be 
violated. It follows that the two ratios K/E and 
C/E, and hence the quantities l — 2cr and 1 -I- a", are 
necessarily positive : that is to say, cr must He within 
the range given by 

- 1 < O' c 0-5. 

So far as is known, no material exhibits a negative 
value of cr ; but it is of interest to note that such 
values are not a priori impossible. 

If our axes of x and y had been taken 
parallel to the sides, EB, EA, instead of to 
the diagonals, EF, BA, of the cube, the 
stress-system of Fig, 3 could have been ex- 
pressed in the form 

X,=S, Y,=z, = 0,| _ 20) 

X.=Y,=Z,=0, / 
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and the corresponding strain system, from 
what has just been said, would have been given 


by 


^yz — 
~ ^yy ~ 


.x=o,l 

0. f ■ 


( 21 ) 


The strains corresponding to shear stress- 
components Y 3 or Zj, could be similarly 
written down, and by the Principle of Super- 
position these may be combined with one 
another, and also with the expressions ( 11 ) 
or (12), which in § (4) were derived on the 
assumption that X^g, Yj, and were principal 
stresses — z.e. that Xy, Yj, and Zjg were zero j 
for the principle asserts that any one stress- 
component has a definite expression in terms 
of the strain-components, which will not be 
affected by the coexistence of any other. 
Thus, in the general case, where the^ axes of 
Xf y and z do /lot coincide with the directions 
of the principal stresses, we have the following 
relations between stress and strain : 


Xa5 = A A -{- 2/Aea:a;» 

Yy=XA4-2^ej,„, . (22) 

Za = X A + S/Afiaa, Zj. = /^Caa:* I 

The most general expression of Hooke’s Law, 
in isotropic material, is thus seen to involve 
only two elastic constants. 

§ (6) Dynamical Equations ln Terms of 
Stress. — We have now expressed the purely 
empirical law of Hooke in a form which 
is mathematically convenient, and we may 
proceed to apply our results to the analysis 
of stress and strain in elastic solids. The 
motion of any portion must be governed by 
the ordinary laws of dynamics ; that is to 
say, its acceleration will be determined by 



the resultant unbalanced force which acts 
upon it, and by its inertia. If we consider 
the portion contained witliin the boundaries 
of a small parallelepiped, as shown in Fig. 4, 
it is cleear that we can express the unbalanced 
force exerted by the surrounding material 
in terms of the stress - components defined 
above. Consider, in the first place, the com- 
ponent of this force which acts in the direction 
of the axis Ox. The stress -components which 
contribute to it are X^, Y,^ and Z^., acting on 
the faces shown. The components X^. act 
on faces whoso area is 5y x and which are 
a distance 6x ajjart, so that the magnitudes 
of tlio stresses on the two faces (which clearly 


tend to pull the parallelopiped in opposite 
directions) differ by the amount {(^XJ?x)dx : 
hence, their combined contribution to this 


force is 


dx 


dx . dij . dz. 


The contributions of the other stresses are 
given, similarly, by 

^^.Sx.Sy. dz 
dy 


and 


dZx 

dz 


Sx . 5y . dz. 


and hence we see that the total unbalanced 
force on the parallelopiped, in the direction 
Ox, is given by 

where pX is the body-force, i)er unit volume, 
acting at the point considered : the substitution 
of Xyfor is justified by the rdations (4) 
above. 

But the mass of the material contained 
within the parallelopiped is p . dx . Sy . dz, 
where p is the density ; hence, if fx Its 
acceleration in the direction Ox, wo have as 
the eq^uation of motion in this direction 


3x. axv ,ax._ ^ 

^ Ox dy cz 


and the equations 


and 


,0Yv ,aY,_ . 

„^?Z.,0Y. 0Z._ . 


(2.-5) 


can he obtained similarly. 

Equations (23) must obviously bo satisfied 
at every point in a body, independently of 
any assumption regarding its elasticity. N\) 
additional equations are required to define 
the rotational motion of the parallelopiped, 
which may ultimately bo regarded as infinitesi- 
mal, and so treated as a particle. The absouco 
of any resultant turning tendency has been 
ensured already, by the relations (4). 

§ (7) Strains expressed in Terms of Drs- 
PLACEMENT. — When the stress-strain relations 
are known for the material considered, wo can 
express the quantities (other than X, Y and Z) 
on the left of equations (23) in terms of straiii- 
compononts ; but the equations will still bo 
intractable mathematically, unless wo can find 
a common system of variables in terms of 
which they may be completely oxi)rosRod ; 
and the fact that the acceleration compon(mtH 
/*» /v» A expressed in terms of the 

component displacements of the point con- 
sidered indicates that wo should endeavour 
also to relate the six strain-components to 
these quantities. 

Lot u, V, w denote the component displace- 
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ments of any point {x, y, z) in the directions 
Ox, Oy, Oz respectively ; then 


» __ChL 


- 

Jv-Hoj 




(24) 


The strain-component denotes the stretch 
in the direction Oa:, and this term was defined 
in § (3) as the limiting value of the expression (2) 
when AB is parallel to Oa: and in- 
definitely reduced. We may now write 
for the length AB in the denomina- 
tor ; the numerator is the total in- 
crease in the length of AB which 
results from strain, and this will 
clearly be equal to the amount by 
which the displacement of the point 
B exceeds the corresponding displacement of 
the point A — i.e, to the quantity {duldx).8x. 
Thus, in the limit, when Sx is indefinitely 
reduced, we have 


0 %, 

O^Czz 



0 1 

^ CBjjz . CGzx . CBxv\ ^ 



~ dyez" 

‘^cycz ~ 

11 


^ dy 

cz~)> 

O^&zz 


O^^zs 



fCSyz 

dezz 

dexy\ 

CX^ 


~CzCx* 

" ezdx “ 

~dy^ 

\ dx 

dy 

j)' “ 

C“Qxx 

C'Ci/v 

C‘'Bxv 




cezx_ 

dBxy\ 

of 


~cxcy' 

dxdy 

cz\ 

V CX 

dy 

Cz )' ) 


and similarly 


du 


cv 

'ey' 


cz‘ 


(25) 


The strain-component denotes the slide in 
the (y, z) plane, i.e. the value of 7 in equation 
(3), when AE is initially parallel to the axis of 
y, and AC to the axis of z. It is the angle by 
which AC and AE approach one another, and 
this obviously is the sum of (i.) the angle at 
which A^E' is inclined, after strain, to the 
2/-axis, and (u.) the angle at which A'C' is 
inclined, after strain, to the z-axis. By reason- 
ing similar to what has been given above, we 
may show that the first angle is of magnitude 
dwjdy (we shall always be concerned with 
strains which are very small, and hence it is 
unnecessary to distinguish between the angle 
and its tangent) and the second of magnitude 
dv/dz ; hence we have 


and similarly 


and 


?w dv 

cu dw 
' _dv cu 


(26) 


Maldng use of the results expressed in equa- 
tions (22) and (24)-(26), we can write the 
equations of motion (23) in terms of the three 
variables u, v, w, and of constants which are 
known for the material considered. We thus 
obtain the result given in equations (28). 

The fact that all six of the strain-components 
can be expressed in terms of the three com- 
ponent displacements u, v, w, indicates that these 
six quantities are to some extent interconnect^; 
that is to say, if we assign an arbitrary expression 
to each strain-component, we shall not in general 
obtain a possible distribution of strain. 


difficult to see that the reason why such arbitrary 
expressions are not permissible is that they violate 
the conditions for continuity of the material after 
strain. 

The necessary and sufficient relations which must 
be satisfied by the strain-components, in order that 
the corresponding system of displacement may be 
a possible one, can be written as follows : 


(27) 


These equations are generally known as the “ Con- 
ditions of Compatibility for Strain - Components.’’ 
They can be verified by substitution from (25) and 
(26), and are obviously independent of any assump- 
tion in regard to the properties (other than con- 
tinuity) of the material. 

§ (8) Equations of Motion. — Reviewing the 
position reached in the preceding paragraphs, 
we notice that — 

(а) The equations which express the equi- 
librium or motion of the material contained 
within any elementary parallelopiped may be 
written down from considerations of statics or 
of dynamics, in terms of its density and of the 
stresses which act upon its faces ; 

(б) The component velocities and accelera- 
tions of the contained material can be ex- 
pressed in terms of the component displace- 
ments u, V, and w ; 

(c) The strains (or changes in the sides and 
angles of the parallelopiped) may be expressed 
in terms of the same three quantities, from 
geometrical considerations alone ; 

(d) An innovation is introduced in the theory 
of elasticity, by the assumption of relations be- 
tween stress and strain which enable us to sub- 
stitute strains for stresses in the equations of 
equilibrium or of motion, and thereby to express 
these equations solely in terms of the relative 
displacements of difierent points in the body. 

The resulting equations of motion, when 
the body-forces are zero or negligible, may be 
written in the form 


(\+^)g^ +f4V-t> 


It is not 


where denotes the operator 
dy^ 

and the “ dilatation ” 

, du dv dw 

A~^ 1 ^5 — b 3“* 

cx dy oz 


d^w 


(28) 
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When the displacements u, v, w, are steady, 
the terms on the right of these equations 
vanish ; we are then left with “ equations 
of equilibrium.” 

For some purposes it is convenient to re- 
place the rectangular (or Cartesian) system 
of coordinates which we have employed 
above by other systems, such as polar co- 
ordinates. For particulars of such systems, 
reference must be made to the authors cited at 
the foot of this article : it is sufficient here to 
state that the motion can always be defined by 
three variables, between which three indepen- 
dent relations may be found from the equations 
of motion for the material contained within an 
elementary volume. 

The equations (28) will be satisfied at every 
point in an elastic body, on the assumjition 
that the relation between stress and strain may 
be expressed as in § (5) above {i.e. that it is 
linear, and independent of the previous stress- 
history of the material), and that the strains 
occurring in the body are everywhere small. The 
latter assumption is necessary both to justify 
the equations of equilibrium as expressed in 
terms of stresses, and to give precision to the 
relationship between stress and strain : fortun- 
ately, it imposes no serious restriction upon 
the extent to which our results may be applied 
in practice, since it is found that the strains 
produced in actual materials, by any stress 
which they are able to sustain elastically, are 
always extremely small. Remembering this 
restriction upon the validity of the equations, 
we may draw a deduction of great practical 
importance from their form ; for it is evident 
that when any two solutions are combined in 
any proportion, the resulting expressions for 
the displacements will also be solutions of the 
equations. This is, of course, a restatement, in 
a general and mathematical form, of the “ Prin- 
ciple of Superposition ” which we have noticed, 
as an experimentally established law, in §§ (4) 
and (5) above. 

We have said that the general problem in the 
theory of elasticity is to determine the relative 
displacements of different points in a given 
body, produced by forces which are specified as 
acting either on its surfaces or throughout its 
volume : forces of the first type are termed 
surface tractions, and of the second type body 
forces. A second form of the problem may now 
be mentioned, in which the displacements of 
the surface are specified : body forces may also 
be assumed to act, and in general the specified 
conditions may include specified tractions at 
some points of the boundary, and specified dis- 
placements at others. The surface displace- 
ments or tractions may be specified by their 
components pcipcndicular and parallel to the 
surface, but the displacements can obviously 
be resolved along any specified direction (and 
hence expressed in terms of u, v, and vj), and 


the formulae for transformation of stress-com- 
ponents (referred to in § (4) above) enable us 
to express boundary conditions which consist 
of specified surface-tractions in terms of the 
stress components, X^., . . ., X^, . . . etc., and 
hence in terms of w, v, and 'W. Mathematically, 
therefore, our general problem is to determine 
the forms of three functions, u, v, w, which must 
satisfy the equations (28) of motion or equi- 
librium at every point in the body, and which 
are subject to certain boundary conditions at 
the surfaces. If such functions can be found, 
we are in a position immediately to deduce the 
strains and stresses which occur at every point 
in the elastic solid considered, and its behaviour 
is then completely defined ; for Kirchhoff has 
shown that any solution of the equations of 
equilibrium, which also satisfies the s])ccificd 
boundary conditions, is unique, and Neumann 
has extended his theorem to the equations of 
motion, by showing that a solution of these 
equations which satisfies specified initial condi- 
tions in regard to displacement and velocity is 
also unique. 

For practical purposes, we are often concerned 
almost entirely with the distribution of stress in the 
interior of an clastic body, and the displaccmontH 
and strains which accompany the strcsHca arc of 
little interest. When the surface tractions arc 
specified, it is, therefore, evident that a coiiHicU'rablo 
gain in point of convenience miglit be e.KjX'otcd from 
methods wliich would enable us to oalculato t/Iic 
stresses directly, without introducing the (piantitics 
u, V, V3. Much attention has been dcvotocl in rc‘('<*nt 
years to this problem, and methodH for the “ direct 
determination of stress ” arc coming into rnon^ and 
more frequent use. Tlieir principle', (tonsiHis in 
e.xpressing the different componentH of stn'Hs in 
terms of one or more common funetioriH, whicli ai'o 
determined by characteristic differential (MiuaiioiiH 
obtaining at every point, and by api)ropriai.c boundary 
conditions : for details, rcferonco must be mad(^ to 
the authors cited. 

§ (9) Application of Theory to Eniunricr- 
IN(3 Design. — The theory, of course, posscHHCH 
an interest, from the purely mathematical 
standpoint, which is independent of its ])r!U!ti- 
cal applications; but for the juirpoHe of i\m 
present article it is necessary hei'e to iiujuiro 
what is its value to the physicist and to the 
engineer. The immediate answci*, from tlu^ 
point of view of the engineer, is that the (ial- 
culation of stresses is an essential preliminary 
to the design of structural mombors of adequate 
strength. Actual materials, as has beem stated 
above, are elastic only so long as the stresses 
to which they are subjected lie within certain 
definite limits : if those limits are oxcooded, 
permanent distortion occurs, by procicsseH of 
great complexity, about which it is unnecios- 
sary to say more hero than that they arc in- 
variably accompanied by more or loss serious 
deterioration of the materials’ capacity for 
resisting stress. The problem of deciding 
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whether the calculated, stress-system will or 
will not produce this “ failure of elasticity ’’ in 
a given material is one with which the theory 
of elasticity, in its strict sense, has nothing to 
do : it is fuUy discussed in the article on 
“ Theory of Structures,” and it is sufficient 
here to remark that the theory of elasticity 
supplies the mathematical basis for the calcu- 
lation of stresses ; that the science of Testing 
of Materials (see article under this heading) 
supplies experimental data in regard to the 
strength of the materials of construction ; and 
that the Theory of Structures employs the 
information thus provided in the practical 
science of “ Design.” 

§(10) Some General Theorems. — Apart | 
from questions of strength, the practical utility ‘ 
of the theory of elasticity will be most easily 
judged from an account of the problems which 
have been solved up to the present time 
by its means. We may notice, in the first 
place, certain general theorems which have 
been established. First, it has been shown 
that the stresses set up by a load which is 
suddenly applied may be as much as twice as 
great as those which would be produced by 
a gradual application of the same load, and 
that if a load be suddenly reversed the stresses 
may be trebled ; this result has, of course, a 
very great importance for engineering design. 
Again, the effects of small flaws in materials 
have been investigated, and it has been shown, 
for example, that if a member which is sub- 
jected to simple tension or compression in one 
direction contain a small spherical flaw at some 
point in its interior, the tension or com- 
pression in the material will be approximately 
doubled at certain points on the surface of the 
flaw ; if the flaw have the form of a circular 
cylinder, with its axis perpendicular to the 
direction of the tension, the stresses will be 
trebled. 

Again, the effect of an impulsive pressure at 
the surface of a body has been investigated in | 
general terms, and it has been shown that 
waves of stress can be propagated in an elastic 
solid which, if the solid is isotropic, may be of 
two types, propagated with different velocities. 
The first is a wave of dilatation, involving an 
alteration in the volume, but not in the shape, 
of each element of the material as the wave 
passes it ; such waves are propagated with a 
velocity \^(k + 2ji)lp. The second is a wave of 
distortion, involving change of shape, but no 
change of volume in each element affected ; such 
waves travel with velocity s//j,/p. Further, 
it has been shown that a certain type of wave 
exists which is propagated over the surface of 
a solid body, and involves practically no dis- 
turbance in the interior ; its velocity is a little 
loss than that of the waves of distortion just 
referred to. These results have, of course, an 
important bearing upon the phenomena which 


occur in the collision of elastic sohds, and in 
earthquakes. 

light has also been thrown upon the nature 
of the stresses produced by concentration of 
load at some point in a body, by means of 
exact solutions for certain particular examples ; 
and a knowledge of the velocity with which a 
wave of stress is propagated along a thin 
cylindrical rod has been used by Hopkinson in 
devising apparatus for the measurement of the 
large impulsive pressures which are set up in 
the detonation of explosives. 

§ (11) Special Solutions. Principle of 
St. Venant. — Turning now to the considera- 
tion of special solutions of the equations of 
equilibrium and of motion, we may notice that 
exact solutions have been found for several 
types of periodic vibration in spheres and 
circular cylinders, and that the equations of 
equilibrium have been solved in a form which 
provides exact knowledge of the stresses pro- 
duced in a prismatic body of any cross-section, 
under certain particular systems of loading, of 
which the general effect is to produce exten- 
sion, flexure, or twisting ; these results, as 
will be seen later, have been extended to give 
an approxiiTiate theory of such actions, without 
restriction upon the exact distribution of the 
loads which produce them. We also possess exact 
solutions for the stresses set up in thick tubes, 
or in spherical shells, by uniform tractions 
applied to their surfaces, and for the stresses 
which are produced by the rotation about their 
axes of certain solids of revolution such as 
cylinders and thin discs. 

In these exact solutions, it is sometimes 
necessary to assume that a small “ auxfliary 
stress-system ” acts at certain parts of the 
boundary, and the results thus fail to apply 
exactly to practical problems, in which such 
systems cannot be assumed to exist : but St. 
Venant has shown that the discrepancy which 
thus arises may be, for practical purposes, 
regarded as involving a slight and unimport- 
ant decrease of accuracy, rather than a loss 
of generality. The principle upon which he 
bases this conclusion, and which* is usually 
designated by his name, states that any locally 
applied system of surface tractions, which is 
itself a completely equilibrating system, has a 
negligible influence upon the stresses, except at 
points of the body lying quite close to the 
region within which the system is applied, 

§ (12) Problems of the Sphere and of 
THE Plane. — General solutions have also been 
obtained for the stresses produced by sym- 
metrical distributions of surface traction act- 
ing upon circular cylinders or spheres, and 
the solutions found in the latter case have 
been applied to problems relating to the form 
of the earth, such as the dependence of its 
elhpticity of figure upon the diurnal rotation, 
and the relative displacements produced by the 
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disturbing attractions of the sun and moon. 
The latter are analogous to the tidal motion 
of the sea relative to the land, and for this 
reason have been called “ tides.” Lord Kelvin 
has calculated what he has termed the “ tidal 
effective rigidity of the earth,” — i,e, the 
rigidity which must be attributed to a homo- 
geneous, incompressible solid sphere, of the 
same size and mass as the earth, in order that 
tides in a replica of the actual ocean resting 
upon it may be of the same height as the 
observed oceanic tides. His calculations led 
him to interesting speculations as to the 
constitution of the earth, which do not, how- 
ever, appear to be entirely supported by 
evidence obtained from tidal phenomena. 

Finally, we may notice that solutions have 
been obtained for the effects of certain 
particular distributions of surface traction 
upon a body of infinite extent, having one 
plane boundary ; it does not appear, how- 
ever, that these results are of much practical 
importance. 

§ (13) Approximate Results. — The prac- 
tical value of the theory of elasticity has been 
extended less by discovery of exact solutions, 
such as have been referred to above, than by 
investigations which have shown that increased 
generality can be obtained at the cost of some 
slight loss in accuracy. For the practical 
purposes of physics or engineering, it will be 
recognised that generality is of much greater 
value than absolute accuracy, since a margin 
of safety has in any case to be provided, to 
meet such contingencies as faulty workman- 
ship, corrosion, or local damage. We have 
already referred to the value of St. Tenant’s 
principle in this connection : one of its most 
important applications has been to the theory 
of such problems as the stresses in beams 
and thin plates. The exact solutions for the 
stresses produced by flexure in a uniform beam, 
to which reference has been made in § (11), 
show that the resultant action of the stresses 
occurring on any section of the beam may be 
expressed in terms of the extension and 
curvature, at that section, of its strained 
centre-line (i.e^ the line through the centroids 
of cross-sections). It may be shown that 
St. Tenant’s principle justifies us in assum- 
ing that these expressions will obtain, with 
reasonable accuracy, even when the external 
forces are not applied in the manner postu- 
lated by the exact solutions, or when the shape 
and size of the cross-section change at differ- 
ent ^ parts of the beam. Hence, instead of 
having to consider the motion of each in- 
finitesimal element of the beam, we may write 
down equations for the motion as a whole of 
the material contained between two adjacent 
cross-sections, and wo may express these in 
terms of the relative displacements of the 
corresponding points of the centre-line. The 


number of independent variables is thus 
reduced from three (the co-ordinates of any 
point in space) to one (the distance of any 
section, measured along the centre-line, from 
a fixed point), and a great increase of simplicity 
in the calculations is thus obtainable. 

For an account of the ways in which those 
principles are applied by engineers, in calculat- 
ing the deflections which occur in girders 
under the action of lateral loads, reference 
may be made to the article on “ Theory of 
Structures.” Similar methods enable us to 
calculate the frequency with which a beam of 
given dimensions will vibrate, and the results 
thus obtained are of importance, both in 
engineering design (where it is necessary 
to take precaution in advance against the 
dangers associated with “ resonance ”), and 
in the theory of sound. 0()rres])onding simpli- 
fication has been introduced into the calcula- 
tions relating to thin plates or shells, and 
although such problems are necossarily of 
somewhat greater complexity, it is true to say 
that many problems can be solved by those 
approximate methods — with an accuracy which 
is quite adequate for practical purposes — 
which would be almost intractable by rigorous 
analysis. For the physical theory of sound, 
the late Lord Rayleigh’s generalised treatment 
by approximate methods of problems relating 
to the vibration of elastic solids has proved 
particularly fruitful in results. 

§ (14) Elastic Stability. — One class of 
problem still requires notice. Wo have 
referred in § (8) to a theorem of ICirchhoff, 
that any solution of the equations of equi- 
librium which also satisfies the specified 
boundary conditions is unique. If wo com- 
bine with this the assumption of Hooke’s 
Law, that the strain varies proportionately 
with the stress, we may conclude that any 
strained configuration which we can determine 
will be stable, since departure from that con- 
figuration must of necessity be accompanied 
by an increase in the total potential energy 
of the system. But the theorem of Kirchhoff, 
being based upon the general equations (28) 
of motion or equilibrium, depends with them 
upon the implied assumption, that the strain 
which occurs in an elastic body, as the result 
of applied forces, does not affect appreciably 
the stress which those forces bring into oxistonco 
at any point. This assumption is in general 
legitimate : but it fails in some instam'-es 
when applied to elastic solids, such as thin 
rods or plates, of which the dimensions are 
widely different in different directions. For 
example, if we imagine a straight shaft, which 
initially rotates about its axis, to deflect into 
a curved form, then additional stresses will bo 
called into existence as a result of that defioo- 
tion, since the centrifugal effect of rotation 
will tend to deflect the shaft still further. 
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At some definite speed of revolution this 
distorting effect will exactly neutralise the 
capacity which the shaft possesses, in virtue 
of its elasticity, of reverting to the straight 
form, and hence the deflection, if it occurs, 
will be maintained. The eq[uiUbrium of the 
straight configuration has in fact become 
neutral, and the shaft is said to “ whirl.” 

A similar tendency towards “ elastic in- 
stability ” is exhibited by a long straight rod, 
or “ strut,” which is subjected to axial com- 
pression. At a certain definite value of this end 
load, the equilibrium of the straight configura- 
tion becomes neutral, and the load can hold 
the strut bent into a curved form. Both of 
the examples here cited are of the first im- 
portance in engineering design, and the reader 
who desires to have further information about 
them should refer to the article on the Theory 
of Structures.” 

Elastic instability can also occur in thin 
circular tubes, when these are subjected either 
to uniform end compression or to hydrostatic 
pressure on their external surfaces (as occurs 
in practice in the flues of steam-boilers), or to 
torsion. It is then accompanied by the forma- 
tion of waves, or corrugations, of very regular 
geometrical types, and the analysis, though 
difficult and lengthy as compared with that 
of the problems just described, is tractable 
and interesting, more particularly as regards 
the indications -which it affords of precautions 
to be observed in practical work when struc- 
tural members have to be built up from ,thin 
sheets of metal. The development of metal 
construction for aircraft has, in fact, given 
to this subject, which was formerly regarded 
as mainly of theoretical interest, a practical 
importance comparable with that of the more 
familiar problems of elastic theory. 

§ (15) Photo -ELASTICITY akd Soap-bubble 
Methods.— Compared vith other branches of 
mathematical physics, the subject of elasticity 
is remarkable for the extent to which theory 
has developed in advance of its experimental 
verification. Indeed, a little reflection shows 
that such verification is a matter of the 
greatest difficulty. No means have been 
devised for measuring the strains in the 
interior of an opaque body, and a comparison 
of the breaking loads given by theory and 
by experiment fails to supply the required 
verification of theory, for the reason that 
fracture in actual materials is preceded by a 
more or less lengthy period of transition from 
the elastic to the plastic state, during which 
the relations between stress and strain fail to 
obey Hooke’s Law (cf. § (9)). 

The nearest approach to precise experimental 
verification which has yet been made employs 
the property of photo-elasticity. It is an ex- 
porimontal fact that an isotropic transparent 
body — such as glass (which has the merit 
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that it obeys Hooke’s Law with considerable 
precision) — becomes doubly-refracting when 
stressed, its optical principal axes at any 
point being coincident with the directions of 
the principal axes of stress at the point ; 
hence, by the aid of polarised light, it has been 
found possible to study many two-dimensional 
systems of stress which are not amenable to 
mathematical analysis. 

In such systems, the stress -components are 
expressible in terms of a function %, deter- 
mined by appropriate boundary conditions, 
and by the equation 



which must be satisfied at every point of 
the (a;, y) plane lying within the elastic solid 
considered. In the solutions obtained by 
St. Venant for the stresses produced in a 
prismatic solid by torsion or flexure (see § (11)), 
the stress-components are found to be expres- 
sible in terms of a function xj/ which satisfies 
the simpler equation 

Now equation (30) is satisfied by the normal 
displacements (when these are small) of an 
initially fiat membrane which is subjected to 
equal tensions in all directions, and advantage 
has been taken of this fact by Taylor and 
Griffith, who have shown how to determine 
the function for prisms of any given cross- 
section, by measurements made on a soap film 
stretched across a closed boundary of appro- 
priate form. Such experiments are not, of 
course, to he regarded as a verification of 
elastic theory, but as a means of extending its 
results : they are typical of the present trend 
of its development, which tends more and 
more in the direction of practically useful 
extension, even at the cost of some slight 
decrease in accuracy. n. v. s. 
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Electrical Brake — National Physical 
Laboratory Dynamometer. See “ Dyna- 
mometers,” § (2) (v.). 

Electrical Constants. Table of most re- 
liable values for use in determinations 
of mechanical equivalent of heat. See 
" Mechanical Equivalent of Heat,” § (9). 
Electrochemical Equivalent of Silver. 
See “ Mechanical Equivalent of Heat,” § (8). 
See also Vol. II. 

Electrolysis, Thermodynamics of. See 
“ Thermodynamics,” § (64). See also Vol. II. 
Elongation ; . 

Barba’s Law for Geometrically Similar 
Test Bars. See “ Elastic Constants, 
Determination of,” § (15). 

Distribution in a Test Bar. See ihid. § (15). 
Variation with Cross - section. See ihid^ 

§ (17) (il*). 

Variation with Gauge Length. See ibid, 

§ (17) (i.). 

Elongation and Contraction of Area. 
Method of Calculation. See “ Elastic Con- 
stants, Determination of,” § (23). 

Emergent Stem, Correction, applicable to 
thermometers. See “ Thermometry,” § (9) 
Emissivity of a Surface : a term used to 
denote the ratio of the heat emitted by 
unit area of the surface to that emitted by an 
equal area of a “ full radiator ” at the same 
temperature. See “ Pyrometry, Total Radia- 
tion,” § (18). 

Energy corresponding to a given Wave- 
length IN THE Radiation from a Black 
Body used as a secondary- standard of 
temperature in the range above 500° C. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (41) (iv.). 

Energy, Distribution of : 

In the Heat Emission Spectrum of the 
Metals, and Correction to Optical Pyro- 
meter Readings. Sec “ Pyrometry, Opti- 
cal,” § (17). 

In the Spectra of Platinum, Palladium, and 
Tantalum, determined by Optical Pyro- 
meter. See ibid. § (23). 

In Spectrum of a “ Full Radiator ” at 
Various Temperatures, studied Experi- 
mentally. See ibid, § (2). 


Energy, Measurement of, in Thermal Con- 
ductivity Determinations. See “ Heat, 
Conduction of,” § (9) (i.). 

Energy of Ideal Gas and of Gaseous 
Mixtures. See “ Thermodynamics,” §§ (57) 
and (62), 

Engine, Heat-. See “ Thermodynamics, 
Definition of,” § (1), “ Reversibility of,” 
§§ (18) and (19), “ Efficiency of,” § (20). 

ENGINES AND PRIME MOVERS, 

THE BALANCING OE 

§ (1) Preliminary. — An engine is said to bo 
balanced when it runs without vibration. 

Masses are added to the moving parts to 
secure this immunity from vibration, and those 
masses are called Balance Weights. 

The importance of keeping the engine still by 
balancing the moving parts lies in the fact 
that if it vibrates it communicates its vibration 
to the foundation on which it is secured, 
and thus starts a wave which may spread to 
the surrounding buildings and cause trouble. 

The trouble is very much increased if the 
foundation has a natural period of vibration 
equal to the periodic time of the vibration of 
the engine. Then the disturbance produced 
in the buildings is out of all proportion to the 
disturbance of the engine itself. 

Synchronism of the engine vibration, or a 
harmonic of it, with the natural period of 
vibration of the foundation, or a harmonic 
of it, may thus cause troublesome or oven 
dangerous disturbances in the buildings sur- 
rounding the station in which the engine is 
at work. 

The balancing of marine engines when their 
speed was low and the period of vibration of 
the ship’s hull high was not a pressing problem. 
But ships grow in size and engines increased 
in speed so that the natural period of vibration 
of the hull and the time of revolution of the 
engine approached synchronism and in some 
ships found it. Such ships were uncomfort- 
able to travel in. Again the vibration pro- 
duced by unbalanced engines in destroyers inul 
cruisers was so noticeable that the designed 
speed in some ships had to bo rediKHul be- 
cause of the dangerous vibration produc.ed. 

The problem of balancing the onginos so 
that they could work at any reasonable speed 
without producing vibration thus forced itH(')lf 
on the attention of engineers, and solutions 
exact, approximate, or roughly a])pro.xitnato, 
had to he found. 

The necessity for balancing the moving 
parts of an engine arises from the manner in 
which those parts are compollod to mov(\ 
Change of speed or change of direction of 
a moving mass requires the action of an 
external accelerating force. 

The moving parts of a machine are com- 
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pelled by their mechanical connections to 
change continuously the speed and direction 
of their motion, and therefore accelerating 
forces are in continuous action on them. 

These forces have equal and opposite re- 
actions and these reactions ultimately appear 
as a system of forces acting on the frame of 
the engine. 

The system is complex and changes from 
instant to instant, but the changes are periodic. 

Balance weights are disposed on the moving 
parts so that, considered as a separate system, 
they have a resultant action on the frame as 
nearly as practicable equal and opposite to 
the resultant of the reactions produced by 
the motion of the parts. 

A part may be balanced in such a way 
that the reaction supplied by the balance 
weight is applied directly to the part, and 
thus no force appears on the frame at all 
so far as that part is concerned. 

A more detailed consideration of the main 
principles will make the matter clear. 

§ (2) Frame Forces and the Balancing 
OF THEM. — The moving parts of a machine are 
jointed together and with the frame in such 
a way that every point in every piece is con- 
strained to move in a definite path. The 
constrained path is closed and the motion of 
the point in it is in general periodic. 

The first part of the general problem is to 
find the forces which constrain a mass to move 
in a path defined for it by its mechanical con- 
nections. 

The second part of the problem is to find 
how these forces may be directly or indirectly 
neutralised and so prevent their reactions 
acting on the frame. 

Let us consider the example of constramed 
motion furnished by the crank and connecting 
rod mechanism, because the problems involved 
in the balancing of its moving parts illustrate 
the general principles involved in the balancing 
of any mechanism. 

The crank OA {Fig. 1) is jointed with the 



frame at O. The frame being at rest, every 
point in the crank is compelled to move in a 
circle about 0. 

The reciprocating mass C is guided in a 
slide on the frame F and can move therefore 
only in a straight line. 


The crank pin A is connected with the mass 
C by a rod AC, technically called the connecting 
rod. 

However the mechanism is set in motion the 
path of every point in every link is defined. 

The distance OA is the crank radius. The 
distance CjCg is the stroke of the reciprocating 
mass and is equal to 20 A. The end points 
and Cg are called the outer and inner dead 
points respectively. 

The mechanism furnishes three separate 
problems for consideration. 

(1) The motion of a mass in a circular path 
at uniform speed. 

(2) The motion of a mass in a straight path 
at varying speed. 

(3) The motion of a hnk as defined by the 
motion of two of its points. 

(i.) Motion of a 31 ass in a Circle at Uniform 
Speed . — ^Let M {Fig. 2) be the mass ; R the 





radius of the circle in which the mass centre 
moves, and a? the angular velocity of the mass 
about the centre of the circular path. 

Then it is demonstrated in dynamics that 
the force necessary to cause the motion acts 
at the mass centre in a direction towards the 
centre of the circular path and that its magni- 
tude is equal to Moj^R. 

If M is reckoned in pounds the force is 
expressed in absolute units. If M is reckoned 
in gravitation units so that M = W/p, the force 
is expressed in lbs. -weight, W being the weight 
in pounds. 

The force acts at right angles to the direction 
of motion and has therefore no effect on the 
speed in the path. 

This force can be automatically called into 
existence by connecting the mass to the 
centre of the path by a radial connector, OM 
(Fig. 3), 

When the shaft is turned the mass must 
move in a circle prescribed by the length of 
the connecting arm. The necessary con- 
straining force is applied to the mass by the 
arm. An equal' and opposite force is applied 
by the arm to the frame. 

The force acting on the frame is constant 
in amount but varies in direction. At one 
instant it tends to lift the frame up, and next 
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it acts to push it down. Placed on the plat- 
form of a suitable weighing - machine the 
weight of the whole apparatus seen in Fig. 3 
would appear to vary above and below its 
proper value by the amount 

Eor example, suppose the weight of the 
apparatus to be 100 pounds, of which the mass 
at the end of the arm, 1*5 foot radius, weighs 
10 pounds. Then if the shaft were driven by 
a motor mounted on the apparatus at, say, 1 
revolution per second, equal to 2r radians per 
second, the force in pounds acting on the 
frame would be 18*35 lbs. -weight. 

The scale would therefore show a weight 
varying between 118*35 pounds and 81*65 
pounds. 

Increase the speed above that found from 
the relation Mw^R = 100, and the upward 
force would he sufficient to lift the, whole 
apparatus momentarily off the platform. For 
example, at 5 revolutions per second the force 
is 457 lbs. -weight, and mider the action of 
this force the whole apparatus would jump 
up and down on the platform of the scale and 
produce quite a hammer blow. 

This is in fact what may actually happen 
to the driving wheels of a locomotive if the 
revolving masses put in the wheel to balance 
forces in the line of stroke are massive enough 
and are driven at a high speed. This point is 
specifically considered in § (12) below. 

The frame force {Fig. 3) may be entirely 
eliminated by the simple device of extending 
the radial connector as illustrated by dotted 
lines and securing to it a mass equal to M 
at the radius R. Then each mass provides 
the reaction to the other and the frame is 
not called upon for any reaction. The arm 
with its equal pair of masses may be driven 
at any speed without any tendency to produce 
vibration of the frame. 

On the platform of a weighing-machine 
the mass could be driven at any speed and 
no change of weight would be observed. 

The tension in the connector rises and falls 
as the speed rises and falls. 

The mass M is said to bo balanced by the 
mass m. It is not necessary that the balance 
weight in should be equal to M. The added 
mass has only to require a constraining force 
equal to the constraining force required by M. 
If a mass m is added at radius r to balance 
a mass M at radius R, then equality between 
the constraining forces is secured when 

Mw^R = mw V, 

that is when MR=:wr . . ■ (1) 

This is the condition for the balancing of 
two masses on an arm anti in the same 
plane. 

It is customary to consider all masses as 
though they acted at a common radius. The 
radius usually soloctod is the Crank Radius. 


Reduction to crank radius is elTectod by 
equation (1). 

(ii.) Motion of a Mass in a Straight Line at 
Varying Speed . — Consider the reciprocating 
mass C {Fig. 4). It is compelled to move in 
the straight path defined by the slide bars. 
Assume that the crank turns with constant 
angular velocity. Then the problem is to 
find what forces are required to produce tho 
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motion of tho mass C which is defined by 
the uniform turning of the crank. 

The general method of finding tho accelera- 
tion of C is to form an oxinossion giving tho 
position of tho mass in its ])ath in tonus of 
one independent variable. Then differentiate 
tins variable twice with respect to tho time. 
The result of the first differentiation gives tho 
velocity of tho mass in its path. The result 
of the second differentiation gives the accelera- 
tion of the mass in its path. Tho tiiass 
multiplied by tho acceleration is then tho 
force we are seeking. 

The position of the mass C {Fig. 4) is (Icfinod by 
the distance x. When tho crank angle is 0 tho value 
of X is 

a; = Oa-(-aC=R cos ^-}-Lco« . (2) 


Eliminating <f> by moans of tho relation H sin (9.= 
L sin <p and differentiating twice with n'gard to tho 
time, remembering that d^O/dt^, tlu^ aecekwation of 
the crank, is assumed to bo zero, tho acoohiratiori is 
found to bo 


A== 




f cos ^ -• \ 


(3) 


The instantaneous value of tho force is then MA and 
tho reaction on the frame is —IVIA. 

The force is soon from this expression to 
vary in a complex manner. A way of pro- 
ducing an exactly ©(pial and o‘i)poHito rea(!tion 
on the frame to balance this is skoicdiod in 



Fig. 5. A mass Cj, equal to tho mass 0, is 
juado to slide by a connecting rod Ajd,, equal 
in length to AO. Eor this arrangement to 
work there would bo three cranks on tho 
shaft : the centre one OA, and two outer ones 
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in the direction OAi- The mass would 
then be driven by two connecting rods, 
together equal in mass to the rod AC. The 
reciprocating masses of an engine constructed 
in this way would be in perfect balance. 

In an actual engine the accelerating force 
is derived from the fluid pressure in the 
cylinder. The pressure on the piston has to 
produce the acceleration of the piston and 
rod and to transmit force to the crank pin 
through the connecting rod. The force there- 
fore transmitted to the crank pin is the 
difference between the total force on the 
piston due to the steam pressure and that part 
of the force which has been employed in giving 
motion to the piston. After about the middle 
of the stroke, however, where the acceleration 
changes sign, the pressure on the crank pin 
is greater than that due to the total fluid 
pressure by the retarding force, which must 
be applied to the reciprocating masses by the 
crank pin. 

The acceleration ^ can be found graphically. Ben- 
nett’s construction, given to the author by G. T. 
Bennett, D.Sc., of Emmanuel College, Cambridge, 
in 1902, is convenient for this purpose, and is as 
follows : 

Pirst {Fig. 6) find a point B on the connecting 
rod so that AB x BC=AO“. This point is found by- 



drawing a perpendicular from 0 to the rod when the 
crank is at right angles with the line of stroke. 

Then set out the mechanism with the crank at 
an assigned angle 6. From B draw BS perpendicular 
to the rod. From S draw ST perpendicular to the 
line of stroke. Prom T draw TE perpendicular to 
the rod. Then EO represents the acceleration of 
the mass C to the scale on which AO represents the 
radial acceleration of the crank pin. The accelera- 
tion of C is therefore Mci;*Ri(EO/AO) ft. per second 
per second. 

The construction is exact and gives the same 
value for the acceleration as that which is calculated 
from expression (3). The proof of the construction 
is found from equation (1) by eliminating (j> instead 
oid. It is given in Dalby’s Balancing of Engines.^ 

The expression found in (3) is intractable. An 
approximation of great utility in practice is found 
by putting cos ( 5 t> = l-(B®2/L*) sin^ 6 in the process 
of eliminating (/> from equation (2). The resulting 
expression for x differentiated twice then gives 
for the acceleration 

B 

A=—m®R(cos0+:r cos20). . . (4) 

Xj 

As close an approximation to the true expression 

1 See also “ Kinematics of Machinery,” § (3) (iv.). 

2 The Balancing of Engines ,'^. Edward | 
Arnold, London, 1906. 


(3) as may he desired can he made by expressing 
A as a Fourier series. 

The general expression then becomes 

A=— w^R (cos ^-j-Ai cos 2^ — B cos 4(!? 

-f C cos 6^ . . .) 

in which Ai, B, and C have the following values, c 
being the ratio R/L, 


. 15 c® 

4+128 

+ . 

4^ 16 



See for details a paper by Mr. J. H. Macalpine in 
Engineering, Oct. 22, 1897. 

(iii.) The Motion of the Connecting Rod ( Fig. 7). 
— The end A, called the big end, is comx)elled 



to move in a circle. The end C, called the 
small end, is compelled to move in a straight 
Hne. 

The dynamical problem is, assuming the 
rod to be freed from its connections, what is 
the instantaneous force which must be applied 
to the rod to cause it to move the one end in 
a circle with uniform velocity, the other end 
in a line passing through the centre of this 
circle {Fig. 7). 

The answer to this problem depends upon 
the mass of the rod and the way the mass 
is distributed, and on the speed. 

There are two important mass points 
which must be located before the solution 
can he found. These are the mass centre 
and the centre of percussion relative to the 
small end of the rod. 

The mass centre is found by balancing the 
rod on a knife edge. 

The centre of percussion E {Fig. S) relative 
to the small end is found by suspending the 
rod 80 that it- can oscillate about the small 
end, and then adjusting a plumb bob to 
oscillate in time with it. The length of the 
simple ipendulum formed by the bob and its 
string is the distance from the small end to 
the centre of percussion required. 

The following construction then gives 
the force corresponding to a given crank 
angle. 
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Draw the mechamsm in the configuration corre- 
sponding to the given crank angle {Fig. 9). 

Apply Bennett’s geometrical construction to find 
EO, the acceleration of the end C. Join EA. 

EA is called the acceleration image of the rod. 
It has this property. Regarded as the connecting 
rod on a smaller 
scale, A being the 
big end and E the 
small end, the line 
joining any point 
on it to 0 repre- 
sents in magnitude 
and direction the 
acceleration of the 
corresponding point 
on the actual rod. 
Let V be the mass 
centre, and H the 
centre of percussion 
of the rod about C. 

Draw Vu parallel 
to the line of stroke 
and join v to 0; 
then vO is the 
magnitude and 
direction of the 
acceleration of the 
mass centre to the scale on which AO is the 
acceleration of the crank pin A, 

The magnitude of the accelerating force is then 

AO 

It remains to find its position. 

Draw Wi {Fig. 9) parallel to the line of stroke and 
join h to 0. Through H draw a line parallel to hO 
cutting the line of stroke in J. J is then a point in 
the line of action of the force. But its direction is 
given by vO. 

Therefore through J draw a lino parallel to rO. 
This is the lino of action of tho force R, which is 
competent to produce the motion of the connecting 



rod at tho instant tine crank is passing through tho 
angle (K 

This force varies in magnitude and direction as 
the crank angle varies. 

Tho force R is equivalent to an equal and parallel 


force R acting at tho mass centre V, and a couple Ra. 
The force R at the mass centre i)roduces the linear 
motion of the rod, and tho couple Ra produces the 
angular motion of the rod about its mass centre^ 
V. The combination of this linear and angular 
motion produces tho actual motion. 

The proofs of those propositions and constructions 
are given in detail in Dalby’s Balancing of Fnginc.s. 

The next step is to find tho frame reactions. 

' E’orce can only be brought on to the rod at 
its ends. There is the piill from the crank 
pin and the reaction at tho slide bars. 

Neglecting friction tho reaction at the slide 
bars can only bo at right angles to the lino of 
stroke. 

Therefore at C {Fig. 10) set up a porpendicu- 
lar to the line of stroke to moot R produced 
in S. Join S to A. 

Then if ST represents tho force R, the 
component STi roproaonts tho force which 
must be brought upon tho small ond of tho 
rod by tho slide bars, and tho component 
STg the force which must bo brought on to 
the big end by the crank pin. Those two 
components together produce the actual 
motion of tho rod. 

The crank -pin component transferred to 
the crank shaft gives tho couple STg x 6, and 
the equal and parallel force ST^ acting from tlie 
frame to the shaft. 

The couple modifies tho turning momont 
on the crank. 

Tho frame reactions are shown by dothul 
linos in tho figure. 

The final result is thou that the motion 
of the connecting rod involves forceps on tho 
frame like those shown, changing in inagniliudc 
from instant to instant, but ])aHHing peniodu^- 
ally through tho same values. Those foi'oes 
tend to cause vibration of tho frame. 

The connecting rod could bo balanccHl 
exactly by tho method already illustrated 
in Fig. 5. With this arrangement providing 
that the rods on tho right are equal in weight 
to the rod on tho loft and similar in form, the 
resultant of tho forces on the frame conHe(pient 
upon tho motion of tho rods on the right 
is exactly equal and opposite to the residtant 
of the forces on the frame conscKjaont u])oti 
the accoloration of tho rod on the left. 

The forces wax and wane and change tlunr" 
directions in exact unison, so that they 
noutraliao one another from instant to instant, 
and tho frame itself, although under tho stress 
produced by these forces, is never und(u’ th(^ 
action of an unbalanced force and there Core 
has no tendency to vibrato. 

In practice it is usual to eliminate the 
effect of tho rod by treating tho i)robleni as 
though its mass were divided between the 
crank pin and tho reciprocating tnasses in- 
versely as tho mass centre divides tlie rod. 

The share assigned to tho crank pin is tlion 




ENGINES AND PRIME MOVERS, BALANCING OE 


257 


balanced as part of the revolving masses; 
that assigned to the reciprocating masses is 
balanced with the reciprocating masses. 

Considered as a system of two masses the 
frame forces produced are not exactly the 
same as the frame forces produced by 
the actual connecting rod, but while it is 
impossible to balance the rod except by 
another rod in the way shown, it is possible 
to balance these divided masses with ordinary 
balance weights with sufficient accuracy for 
most practical purposes. 

§ (3) The Ceitteifugal Couple. — Refer- 
ring to Fig, 3 it will be seen that the mass M 
is balanced by the mass m placed diametric- 
ally opposite to it. 

Ijet Fig. 11 be the side view of a shaft carry- 
ing a mass M at radius R, and for the moment 
suppose it to be supported on a pair of parallel 


M 



knife edges at and Bg. K the balance 
weight m is placed opposite M at radius r 
such that MR =mr, but at a distance A along 
the shait as shown in Fig, 11, and this is 
usually necessary in practice, it will still be 
found to balance M when the shaft is at re-st. 
The shaft will stand in any angular position 
on the knife edges. It will be in perfect 
static balance. If now the shaft is put in 
bearings, say, at B^ and B 2 , its revolution will 
set up vibrations. 

Although it is in static balance it is not 
in running balance. The disturbance is now 
produced by the couple formed by the reaction 
of M on the shaft, giving a force M« 72 R, and 
by the eq^ual and opposite reaction on 

the shaft, these two reactions being separated 
by the distance a. This couple tends to turn 
the system about an axis perpendicular to 
the plane containing the forces. 

The distance A between the forces is called 
the Aem of the couple, and the product of 
one force into the arm is called the MoMEiirr 
of the couple. 

The couple is called the centrifugal couple, 
because its forces are the centrifugal forces 
caused by the rotation of masses. 

A couple can only be balanced by an equal 
and opposite couple acting in its plane. That 
is, the four forces of the pair of couples lie 

VOL. I 


in one plane, and this plane contains the axis 
of the shaft. 

The moment of the centrifugal couple 
caused by the mass M and its balancing mass 
m is Moj^RA. 

It may be balanced by a couple 
the quantities being taken so that 

MiRiB=MRA. . . (1) 

These couples must act so that they tend to 
produce rotation in opposite directions. 

The dotted lines in Fig. 11 show a balan- 
cing couple. If masses, radii, and the arm B 
satisfy the equation above, and if in addition 
and MR=?? 2 r, then it will he 
found that the shaft may be driven at any 
speed and there will be no vibration. 

At the same time the shaft will stand m 
any angular position on the knife edges. The 
masses disposed round it satisfy in fact two 
separate conditions. 

They are in static balance, and they are also 
in running balance. Static balance imphes 
that the mass centre of all the masses hes on 
the axis of revolution of the shaft. 

Running balance implies that the centri- 
fugal couples of all the masses form a system 
in equilibrium. 

§ (4) The Peactical Peoblesl — ^The prob- 
lem of balancing an engine presents itself 
in practice in this way. An engine is designed 
to fulfil conditions of power, speed, and 
arrangement, and the result is a crank shaft 
driven from a number of cylinders. Usually 
the lines of stroke of the cylinders are con- 
tained in one plane, and this plane contains 
the axis of the crank shaft. If there are n 
cylinders, then there are n piston masses, n 
cranks, and therefore n revolving masses, 
and also n connecting rods. The accelera- 
tions of each of these systems of n masses 
cause frame reactions. 

As mentioned above, the connecting rod 
is eliminated from the problem by distribut- 
ing its mass between the revolving and the 
piston masses. 

There are now two balancing problems : 

(1) To balance the revolving crank shaft 
1 masses. 

(2) To balance the reciprocating piston 
masses. 

Both fall under one method of solution. 

§ (5) Solution op the Balancing Peob- 
LEM.^ — ^The initial problem to be solved may 

1 This solution by Professor Dalby was first pub- 
lished in 1899. It is contained in a paper entitled “ The 
Balancing of Engines with special reference to Marine 
Work,” printed in the Transactions of the InstUidimi of 
Naval Architects, 1899, xli. In this paper will be found 
applications of the method to the balancing of tori^do- 
boat engines, including with the pistons the recipro- 
cating slide valves as welL The development of the 
method to include primary and secondary halancing, 
the halancing of locomotives, and the treatment of 
many problems arising out of the dynamical condi- 
tions involved will be found in The Balancing of 
Engines, by W. E. Dalby, mentioned above. 

a 
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be stated in this way. Given a revolving 
shaft with a number of masses attached to 
it, find the balance weights which must be 
added to secure static and running balance. 

Solution . — Select a plane at right angles 
bo the shaft in which it is intended to attach 
one of the balance weights. This plane is 
called specifically the Reference Plane. 
The reference plane may be regarded as a 
definite plane hke a drawing-board, keyed to 
and revolving with the shaft. 

Transfer each centrifugal force in 

turn to this plane. Each force transferred 
gives rise to 

(1) an equal and parallel force, Mw®R=F, 

acting -in the plane ; 

(2) a couple Fa, where a is the distance 

through which the force is trans- 
ferred. 

The transference of one force to the refer- 
ence plane is idustrated in Fig. 12. Hero the 



rotation of the mass M produces the centri- 
fugal force = F on the shaft, and this 

transferred to the reference plane gives the 
equal and parallel force F and the couple 
Fa. 

For, introduce two equal and opposite 
forces F at the point 0 in the reference plane. 
Then these forces being in equilibrium them- 
selves do not affect the equilibrium of the 
system. The three forces, F from the mass M, 
and F and - F introduced at 0, may then be 
analysed into the equal and parallel force F 
acting at 0 in the reference plane and the 
couple Fa. 

Draw a line OA parallel to the radius to 
M to represent the couple Fa. Its length 
OA is chosen so that 0A = Fa and its sense 
is marked off according to the direction in 
which the couple tends to turn the shaft 
about 0. 

TJiat is, its sense will be from 0 outwards 
in the radial direction of the mass for all 
masses on the right of the reference plane, 
and from 0 in the direction opposite to the 
radial direction of the mass for all masses 
to the loft of the reference plane. 

Also draw OB to represent the force. 

Then every mass M revolving with tho shaft 


will give rise to two vectors in the reference 
plane, a force vector like OB pointing always 
in the radial direction ot the mass, and a 
couple vector OA x)oiiitmg in tho radial direc- 
tion settled as above. 

The next stop is to find the resultant of 
the couples. For this purpose sot tho couple 
vectors out in any order to form a polygon. 
If tho polygon closes, then there is no un- 
balanced couple. If it does no.t close, tho 
vector required to close it gives in magnitude 
sense and direction tho couple roqxiirod to 
balance tho couples about 0. 

The couple closure, as this lino is called, 
is the product of four quantities, namely, w®, 
an unknown mass M acting at a convenient 
radius R from the shaft and in a plane at a 
convenient distance d from tlio reference 
plane, and is equal to 

Select a plane at a distance d from tho refer- 
ence plane whore a balance weight may ho 
conveniently introduced. 

Select a radius R at which it is con- 
venient to place tho balance weight in this 
plane. 

Finally calculate tho magnitude of the 
balance weight from the equation 

, 1 ^ _ Couple closure 
"'~dW 


The angle at which the radius stands in 
relation to the other radii on tlio shaft is 
given by the direction of tho closure lino in 
tho polygon. 

Then add this balance weight to tho system, 
and transfer it to tho reforonoo piano as b(ffore, 
thus adding one more force to tlio system 
already there. Tho couples now balance. 

Then sot out the force vectors in any order 
to form a polygon. If this force polygon 
closes, then there is no unbalanced force. If 
it docs not close, the vector required to close 
it gives in magnitude sense and direction tho 
force required to balance tho forces acting 
at 0. 

The force closure is the prodxict of throe 
quantities, namolj^, a mass, a radius, and 

Select a radius at which it is convoniont to 
j)lace tho balance weight in tho roforonco 
plane, and then calculate its magnitude from 
the equation 


Mass •■= 


Force closure 


The angle of the radius to the balance weight 
is given by the direction of tho closure in the 
polygon. 

CO®, being constant for all masses, may have 
any value in working dut tho solution. There- 
fore call it unity. 

The addition of tho balance weight in tho 
reference plane to balance tlic forces there has 
no effect on the balance already produced 
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between the couples. Because a force acting 
at O has no moment about 0, and can there- 
fore be added or removed without introducing 
a couple into the system. 

This is the essence of the solution. The 
couples are balanced first, and then the forces 
are balanced without disturbing the balance 
between the couples. 

It is easily shown that if the forces and the 
couples are separately balanced about any 
one point along the shaft they are separately 
balanced about every point along the shaft. 
Therefore, after the balance weights have 
been found by the method explained, and 
have been added to the system, it will be 
found that both the couple and the force 
polygons will close for any position of the 
reference plane along the shaft. 

The balance weights found are independent 
of the position chosen for a reference plane. 

This property enables the work to be checked. 
Having found the balance weights as described, 
include them in the system, and then select 
a reference plane at a new place along the 
shaft. 

Ignoring the knowledge that the system is 
balanced, proceed to find balance weights. 
It should be found that both force and couple 
polygon close, showing that no balance weights 
are requii’ed. If the polygons do not close, 
there has been some error in the original 
determination of the balance weights. This 


mass revolves from the reference plane in the manner 
indicated in the figure. 

Arrange the data in the way shown in Schedule 
No. 1. 

Column 1. Write in the numbers of the planes of 
revolution. 

Column 2. W rite in the distances of these planes 
from the reference plane. 

Column 3. Write in the values of M, the mass at 
common radius B. This mass is equi- 
valent to the centrifugal force when 
= The column is therefore 
headed Fokce. 

Column 4. Write in the products Mo calculated from 
the figures in columns 2 and 3. This 
product is equivalent to a centrifugal 
couple when ctJ*Il = l. The column is 
therefore headed Couple. 


Schedule 1 


Ho. of 
Plane or 
No. of 
Cxanic. 

Distance 
of Plane 
from 
Reference 
Plane. 

PoRCK. 

Equivalent Mass at 
Common Radius, 
or Ceiitrifaml Force 
when oj2E=:i. 

! 

Couitle -when 
aj2E=L 


a. 

M. 

Ma. 

No. 1 

0 

Unknown bal. wt. 
(14*4 pounds) 

0 

No. 2 

3' 

17 

51 lbs..ft. 

No. 3 

9' 

15 

135 „ 

No. 4 

; 12' 

7 

84 „ 

No. 5 

1 7' 

Unknown bal. wt. 
(11*9 pounds) 

83= closure, j 



check on the accuracy of the work is a valuable 
element of the Balby Solution. 

§ (6) Example. — ^Let there be three masses — ^M3= 
17 pounds, M3 = 15 pounds, and M4=7 pounds — 
attached at common radius R to the shaft SS [Fig. 13) 
spaced along the shaft as shown, and spaced angularly 
around the shaft as defined in the end view of the 
shaft [Fig. 13). 

The rnfls R centre of each mass revolves in a plane 
to which the shaft is perpendicular. 

Let the problem be to balance these three 
masses by two balance weights, the one being 
placed in the plane No. 1 and the other in the 
plane No. 5. 

Choose the reference plane to coincide with the 
plane of revolution of one of the balance weights. 
We may therefore choose either plane No, 1 or plane 
No. 5. Let us choose plane No. 1. Then write on 
the drawing the distance of each plane in which a 


Next set out the couple vectors of column 4 in the 
way shown in Fig. 14. Choosing any convenient 
scale, draw 

AB= 51 and parallel to radius 2 (end view,Fi^. 13). 
BC== 135 and parallel to radius 3. 

CD == 84 and parallel to radius 4. 

DA the closure, measuring 83, is the couple required 
to produce balance amongst the couples. 

The balance weight in plane 5 is calculated from 
{Ra;*=l), 

Couple closure 83 ^ , 

M = = 11-9 pounds. 

aRoj® 7 

The angular position of the radius of this balance 
weight is defined in relation to the others by drawing 
radius 5 in the end view parallel to the closure of 
the couple polygon. 
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Tiis mass is now entered in the schedule as 
indicated. 

There are now four forces acting at 0 in the 



oh =17 parallel to radius 2 (end view. Fig. 13) ; 
5<; = 13 parallel to radius 3 ; 
cd~ 1 parallel to radius 4 ; 

^e=ll*9 parallel to radius 5. 


ea, the closure measuring 14*4, is the balance weight 
at common radius required to balance the forces 
at 0, The angular 
position of the radius 
of this balance weight 
is defined in relation 
to the others by 
drawing radius 1 in 
the end view parallel 
to the closure of the 
force polygon. 

These two balance 
weights added to the 
system in the planes 
specified, and in the 
angular positions de- 
fined in the end view, 
produce a system of 
five masses in both 
static and in running 
balance. The shaft 
can be driven at any 
speed when held in a pair of bearings placed any- 
where along the shaft without producing vibration of 
the supports. 

Whatever value be given to it will be the same 
for each mass, and therefore will not make any 
difference in the balance weights found. 



Force Polygon 


TIG. 15. 


§ (7) Deductions from the Force and 
Couple Polygons. — ^The balance of a system 
of n revolving masses may be tested by 
selecting a reference plane at any point along 
the shaft and then following the method 
above. Unless tlie plane has been selected 
to coincide with one of the planes in wliich a 
mass revolves there will be in the I’eference 
plane, after the transference of the forces to 


it, n couple vectors, and n force vectors. If 
the masses are in balance the couple vectors 
set out in any order will form a closed polygon 
of n sides; and the force vectors set out in 
any order will form a closed polygon of n 
sides. Corresponding sides of those two 
polygons are parallel, but the ratio of the 
lengths of a pair of parallel sides is different 
for each pair. The ratio of a pair is in fact 
the distance a from the reference plane of 
the mass whose force and couple are respect- 
ively represented by the i^air of parallel 
sides. 

The balancing of n masses amongst thoin- 
selves is thus conditioned by these geometrical 
properties of the force polygon and the couple 
polygon. 

If, when the vectors are set out, it should 
be found that the force polygon closes, but 
the couple polygon does not close, then the 
masses are in static balance, but are not in 
running balance. There is no unbalanced 
force, but there is an unbalanced couple 
causing reactions on the frame. 

A few important practical limitations can 
at once be deduced from these polygons. 

(а) Three masses carried on three arms 
spaced along a shaft can only mutually 
balance if the arms are in one plane, a plane 
containing the axis of the shaft. Soon in 
end view the arms would all lie in a diameter. 

For it is only possible to draw two polygons 
of three sides each, with corresponding sides 
parallel, and the ratio of the lengths ojf each 
parallel pair different, if the polygons close 
into a line. It follows that the arms carrying 
the masses must bo in a line so that the middle 
arm is at 180® with the two outer arms. 

Therefore a crank shaft with throe cranics 
at 120® cannot bo designed so that the masses 
mutually balance. If the masses are equal, 
the force polygon closes and static ])alanco 
is obtained. But in these conditions the 
couple polygon cannot be closed. 

To balance throe masses sot at angles with 
one another a fourth mass must bo added to 
the system equivalent to a fourth crank. 
The system is then equivalent to four niasHos 
on four cranks. 

(б) Four masses on four arms spaced along 
a shaft can in general bo balanced amongst 
themselves, because a pair of ])olygons can 
he found in which corresponding sides are 
parallel, and in which the ratio of the lengths 
of each parallel pair is different. 

(c) But four masses spaced along a shaft 
on four arms set at 90° with each other 
cannot be designed to balance. If the four 
masses are equal the force polygon closes and 
there is static balance. But with the angles 
all right angles the couple polygon cannot bo 
made to close. 

Therefore a crank shaft with four cranks 
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set at 90° ■with each, other cannot he designed 
so that the masses balance. Balance can only 
be obtained by adding a fifth mass to the 
system equivalent to a fifth crank. The 
system is then equivalent to five masses 
on five cranks, but with the condition that 
four of the cranks are mutually at right 
angles. 

Many other useful conditions can be deduced 
from the geometric properties of the force and 
couple polygons. 

§ (8) The Balancing of a Rotor. — ^T he 
rotor of a steam turbine is truly turned, and 
the blading is symmetrical. At first sight it 
would appear that there is here no balancing 
problem, because so far as constructional skill 
can go the mass centre of each elementary 
disc, of which the length may be imagined 
to be made up, lies in the axis of rotation. 

But owing to shght variations iu density, 
and in the symmetry of the blading, the mass 
centre of each elementary disc is in general 
slightly displaced from the axis of rotation. 
Although these displacements are slight the 
speed at which the rotor is driven involves 
accelerating forces* which are large enough to 
cause vibration. So that, after all, there is a 
rotor balancing problem, and a difficult one, 
because the displacements of the mass centres 
of the elementary discs cannot be identified 
by any method of weighing or measurement. 

The problem is in fact similar to that which 
would be presented to a designer asked to 
work out the balance weights for a totally 
enclosed reciprocating engme, with access to 
the parts denied. All he would see of the 
moving parts would be the ends of the crank 
shaft projecting through the bearing at each 
end, and all he would know of them would 
be that their motion produced vibration. 

Similarly, all be can see in a rotor is an 
apparently truly turned mass, symmetrically 
bladed, and aU he knows of it is that when 
driven it produces vibration. 

He might by imagination conceive the rotor 
to be made up of a series of elementary discs, 
but the position of the mass centre of each 
disc would be hidden from him without 
possibihty of discovery. 

Mr. King Salter, in a paper to the Institution 
of Naval Architects read at the spring meeting 
of 1920, has described an ingenious method 
of solving the problem. 

The rotor to be balanced is placed in 
bearings and is driven by a motor. Being 
unbalanced it produces a reaction on each 
bearing. These reactions are separately 
measured in the horizontal direction. Let 
Ri and Rg be the respective maximum reac- 
tions measured in the apparatus when the 
rotor is driven at w revolutions per second. 
Then each reaction may be regarded as pro- 
duced by a mass^ M attached to the rotor at 


radius r. So that the maximum horizontal 
reaction at each bearing is expressed by 


from which 


Rj . 

R 2 =M2wV2, . 


Ml = 


( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 


Ml and M^ can be calculated from (3) and (4) 
because w® jg observed, and r may be put equal 
to unity or to any convenient constant len^b. 

The nex'D part of the problem is to find the 
angular position of the radii and rj. This is 
done by the apparatus described in the paper. 

The rotor, with its hidden system of ■un- 
balanced masses, may now be replaced by 
a shaft with two known masses attached to 



it at kno-wn angular spacing as illustrated in 
Fig, 17. Fig. 16 shows the rotor and the 
centre line of the bearings at which the 
reactions are measured- Fig. 17 shows the 
equivalent unbalanced system of two masses 
as determined in Mr. King Salter’s apparatus. 

The two planes in which balancing masses 
are to be placed are now fixed upon. One 
is chosen as a reference plane, and then the 
solution of § (5) is applied to find the actual 
magnitude and position of the balancing 
masses to be placed in the two respective 
planes. The arrangement is shown in Fig. 18. 

The usual shop method of balancing a rotor is to 
place it on a pair of level and parallel knife edges 
and then add balance weights until it ■will stand in 
any angular position on these knife edges. This pro- 
cess ensures static balance but not rnnning balance. 
The unknown unbalanced couple cannot be esti- 
mated from experiments on parallel knife edges, 
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and in practice the proper distribution of balancing 
masses to secure running balance is done by trial 
and error. After static balance is secured the rotor 
is driven up to speed, and if the couple is sufficient 
to produce disturbance the weights added to secure 
static balance are distributed so that the running 
balance is improved without interfering with the 
static balance. Considerable experience is required 
to get this done satisfactorily. It is advisable to 
test the balance of a turbine rotor in steam so that 
the rotor and its blades have expanded to the 
positions they occupy at the normal running tem- 
perature. 

A full description of Mr. King Salter’s apparatus 
will be found in the paper cited above. Briefly it 
consists of a substantial bed with a bearing at 
each end. Each bearing can slide horizontally 
through a limited distance, but is prevented from 
doing so by a spring screwed up against it. When 
a trial of a rotor is being made the spring is com- 
pressed against the bearing so that it just prevents 
it moving. The strength of the spring is known, 
so that the maximum force acting horizontally on 
the bearing in the direction of motion can be observed. 

On each end of the rotor is placed a spider or 
flange, carrying on its periphery a number of radial 
spokes like the spokes on a steering wheel, but with 
this difference, that they are free to slide inwards 
radially, but once pushed in they cannot come back, 
being held by a spring. When these spiders have 
been keyed on the end of the rotor, all spokes out 
to the limit allowed, the rotor is driven at. the 
testing speed hy an independent motor, and this 
motor is then disconnected The bearings are then 
slightly relieved so that the rotor can move hori- 
zontally under the unbalanced forces. A kind of 
brake shoe is then gradually approached to the 
spokes and pushed on to them until the ends are 
running in a circle. The rotor is then brought to 
rest, and an examination of the spokes shows the 
particular radius corresponding to the maximum 
horizontal displacement, and therefore to the 
maximum value of the force on the corresponding 
bearing. 

The displacement of the mass centre of a 
rotor and the angular position of the plane 
containing the mass centre and the axis of 
the rotor can be found by direct weighing in 
the Martin rotor balancing apparatus. The 
method and the apparatus are described in 
Engineering, December 31, 1920. By the 
aid of this apparatus a static balance of 
great accuracy can be obtained. For many 
rotors static balance may be sufficient, as for 
the thin disc -like rotors of gyrostats. If the 
static balancing of a rotor is found to be in- 
sufficient, its dynamical balance can be tested 
and secured by the aid of Mr. King Salter’s 
apparatus. 

§ (9) Four Massus. Special Construction. 
— Four masses may be set together in mutual 
balance in an infinite variety of ways. For 
an infinite number of pairs of four- sided force 
and couple polygons can be drawn at random 
to satisfy the geometrical conditions mentioned 
above. 


There -is a simple construction, due to 
Dr. Schubert, and published by the Hamburg 
Mathematical Society, 1898, which gives the 
spacing along the shaft, the angular positions, 
and the masses for mutual balance amongst 
four masses. 

Let the spacing of the cranks along the 
shaft SS be given as indicated in Fig. 19. 
Choose any pole 0. Join points 1, 2, 3, 4, 
with this pole. 

Take any point A on 01, and through it draw 
a line AB parallel to the shaft SS, and a lino 
AC parallel to the line 03. 

Through B draw a Hno BC parallel to the 
line 02. 

Then OACB is the force polygon correspond- 
ing to the position of the pole 0 and tlie crank 
spacing given. 

This force polygon defines bv the lengths 


O 



of its sides the relative magnitudes of the 
masses, and by the directions of its sides the 
positions of the cranks. 

Thus in the end view draw crank Sa parallel 
to the side OA ; Sc parallel to tho side AC ; 
S6 parallel to the side CB, and So parallel to 
the side BO. 

If now the system be tested it will bo found 
that the couple polygon is closed. Tho proof 
of this will be found in Dalby’s Balancing 
of Engines, 2nd edition, 1906, p. 60. 

The construction may be varied in many 
ways. For example, the angular position of 
the cranks in end view may bo drawn at 
random. Then select any polo 0 and draw 
lines radiating from it parallel to tho crank 
directions. Then draw across tho rays a 
line SS, and tho intersections define tho spacing 
along the shaft. 

Then draw a line as AB parallel to tho lino 
SS and finish the force polygon. Tho sides 
then define the magnitude of tho masses. 

§ (10) The Balancing of Reciprocating 
Masses. — We have now to consider tho 
balancing of the reciprocating masses of a 
multi-cylinder engine of the typo where tho 
centre lines of the cylinders lie in a piano con- 
taining the axis of the crank shaft. 

In the marine type the plane is vertical. 
In tho ordinary land type the plane is usually 
horizontal, though often vertical. In the 
V engine the plane is inclined, and there are 
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two systems of parts to be separately balanced, i 
one set in eacb inclined plane. 

The frame reaction caused by the recipro- 1 
cation of a mass M by a crank turning with 
uniform velocity is given by equation (3), § (2). 

A way of producing an exact equal and ■ 
opposite reaction on the frame is described ! 
and illustrated in Fig, 5. i 

This construction is, however, excluded from 
the problem before us. 

An expression giving values close to the 
values from (3), and derived from equation 

F = M2Rcos ^-j-cos2^. . (1) 

The first term of this expression is the pro- 
jection on the line of stroke of the centrifugal 
force due to the rotation of the mass M at 
radius R and at speed oj. 

The second term is the projection on the line 
of stroke of the centrifugal force due to the 
rotation of a mass M at radius R-/4L and at 
si)eed 2w. 

The greater the length of the connecting 
rod in relation to the crank radius the smaller 
the second term. 

In the hmit, when the rod is infinitely long, 
the second term vanishes. The crank and 
slotted bar mechanism partly reahses this con- 
dition. The ratio of rod to crank is often large 
enough to make this second term negligibly 
small. In locomotives the ratio of rod to crank 
may be 7 to 1, and even more. But in some 
kinds of marine engines it may be only 3 i to 1 . 
The second term then becomes important. 

When the second term is ignored in the 
balancing the engine is said to be balsCnced for 
Peimaey Forces and Primary Cotjrles only. 

If, however, the second term is included 
in the problem, the engine is said to be 
balanced for Primary artd Secondary 
Forces and Coitples. 

(i.) Prhnary Balancing. — Since the term 
Mw^R cos 6 is the projection on the line of 
stroke of the centrifugal force produced by 
the rotation of a mass M, the conditions of 
primary balance amongst n reciprocating 
masses are the same as those for n revolving 
masses, and may be investigated by assuming 
that each mass is attached to its own crank 
pin, so that the n reciprocating masses are 
replaced by n revolving masses. For if a 
polygon is closed, then the projections of the 
sides on any line are algebraically equal to 
zero. In other words, if the conditions of 
balance for the revolving masses are satisfied, 
so too are the conditions for the equivalent 
reciprocating masses. The Dalby Solution of 
§ (5) may then be applied without change to 
find the balance weights of the substituted 
revolving system, and the balance weights 
found reciprocated in the cylinder plane will 
balance the reciprocating masses. 


The example of § (6) may be restated thus. The 
reciprocating masses of a three-cylinder vertical 
engine weigh respectively Mj — 17 pounds. Mg =15 
pounds, M 4 = 7 pounds. These masses are recipro- 
cated by cranks spaced along and around the crank 
shaft, as defined by Fig, 13. Find the reciprocating 
balance weights. The answer is (see Schedule 1), 
14-4 pounds reciprocated by crank No. 1 ; 11*9 
pounds reciprocated by crank No. 5; the lines of 
reciprocation lying in the plane containing the centre 
lines of the cylinders. 

The masses may be designed as lumps of metal 
reciprocated in properly lubricated guides on the 
engine frame. They would then be called Bob 
Weights.^ The engine would be described as a 
three-cylinder engine in which the reciprocating 
masses, that is the piston masses, were balanced by 
a pair of bob weights. 

Each balance weight may, however, be designed 
into a set of piston masses and added complete with 
cylinder and valve gear to the engine. Then the 
engine would be described as a five-cylmder engme 
with the piston masses in balance amongst them- 
selves. 

The problem of balaucing an engine, as 
stated in § (4), involves the separate solution of 
two problems. First find the reciprocating 
balance weights, and add them to the engine 
either as bob weights or as pistons. Secondly, 
find the balance weights for the revolving 
system of the crank shaft and add them to 
the crank shaft. 

Each of these problems is separately solved 
by the application of the method given in § (5). 

The deductions of § (7) apply equally to 
systems of reciprocating masses. It follows 
that the fewest number of cylinders in which 
the pistons may be set in mutual balance is four. 

Much has b^n written about the balancing 
of four-cylinder engines. In practice, however, 
even for primary balancing, the valve gear must 
often be included to get the best results. In 
particular a four-cylinder torpedo-boat engine 
becomes with its valve gear a problem in 
balancing twelve fines of parts. There are 
some subsidiary problems involved in the 
complete solution, for which see the worked- 
ont example in Dalby’ s Balancing of Ejigines. 

(ii.) Secondary Balancing. — Since the second 
term of equation (1) above gives a force which 
is the projection on the line of stroke of a mass 
M revolving at twice the speed of the main 
crank at radius R2/4L, the condition that the 
secondary forces shall balance is that the 
corresponding force and couple polygons 'shall 
close. A schedule is made, as illustrated in 
Schediile 1, and the work is carried out as in 
§ (5), but with this difierence : the end view 
of the shaft must now show aU the crank 
angles doubled. 

Balancing to satisfy the conditions of equa- 
tion (1) is therefore conditioned by the closing 
of four polygons, namely, a primary force 

1 ^ “ On the Balancing ot Marine Engines,’" Sir 

1 Alfred Yarrow, Trans. Inst. Naval ArcMtecis^ 1892. 
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polygon, a primary coux')lo polygon, a secondary 
force polygon, and a secondary couple polygon. 

Given an engine, there is no difficulty in 
applying § (5) to test the primary and secondary 
balance, but it is more convenient to deduce 
the related conditions analytically. 

The following method afiords a solution.^ 


The direction of a crank measured from a fixed 
line is defined by the expression where 

i — sj—l. 2^1 is measured along the fixed direction, 
is measured at right angles to it. Also 2:^^ -\-y^ = 1. 
The direction of a crank corresponding to this, 
starting in coincidence along the fixed direction 
and revolving twice as fast, is given by 


If Ml is the mnss at radius Ki the corresponding 
force and couple vectors are 


Primary force — 

kiW^EiCari+fyi), . 
Primary couple — 

Secondary force — 

“L (^r~2'r+^2a;iy,), 


(2) 

(3) 

(4) 


Secondary couple — 

— jj- {^i~-yi^+^^xiyi)cii. . . ( 5 ) 

Fig. 20 shows the relations of these quantities for 
one mass Mi. 



For every reciprocating mass there is a set of 
terms corresponding to these four expressions. The 
condition that the masses may balance is expressed 
by the eight simultaneous equations : 

Primary forces vanish — 

(Miaii -j- Maajj -f- +)=0. 

+ ■+ +)=0- 

Primary couples vanish — 

(Miaji^i-f + +)=0. 

(Miyi^Ci + Moyafla + +)=0. 

Secondary forces vanish — 

(Mi(2;i--yf) -y.'-') -f +) =0. 

(Ml a^iT/i d" M2 2:2^2 "h +)== 0 . 

Secondary couples vanish — 

~~y2^)az + +)=0. 

(MiOJiyiai -f-M2 2;2y2«2 + +) = 0- 

^ Dalby, '‘On the balancing of the Reciprocating 
Parts of Engines, including the Effect of the Connect- 
ing Rod,” Trimsdctions of the Imtitution of Naml 
Architects, 1901, 


With the general relation 2;“ -f?/^ = 1 for all 2;’s and 
y’s with the same subscript. 

Each of these eight equations has one term for 
each reciprocating mass. 

It is not possible to find a solution of any practical 
value with fewer than 5 lines of parts, that is, with 
6 terms in each line. The engine could be built 
either as a five- cylinder engine or a three- cylinder 
engine with a pair of bob weiglits. 

The exploration of the possibilities of balance 
with engines of different numbers of cranks will be 
found in the book cited above. 


§ (11) The Yarrow Soitltck Tweedy 
Marine Engine. — This is a four - cylinder 
engine with reciprocating parts balanced 
amongst themselves for primary forces and 
primary couples. 

Later a four-cylinder symmetrically arranged 
engine with the reciprocating parts balanced 
amongst themselves for primary and secondary 
forces and for primary couples was used, and 
the method of getting this balance was 
described in a paper at the Naval Architects 
in 1900 by Schlick. 

Although the eight fundamental equations 
of the preceding section cannot be simul- 
taneously satisfied for an engine giving only 
four terms in each equation, yet it is possible 
to satisfy the first six of them with four terms 
per equation. Thus a four-crank engine can 
be set to satisfy the first six equations, and thus 
it can be designed for primary and secondary 
balance of the reciprocating forces and primary 
balance of the couples, but the secondary 
couples must remain unbalanced. 


The symmetrical engine is indicated in Fig. 21. 
A reference plane is taken at the centre of the shaft 


JTLJtL 

U-..h2 


-Hi—rfi 



Fig. 21. 


and the cranks are spaced so that The 

angle 103 is made equal to the angle 204, and the 
mass Ml is taken equal to the mass M,i. With those 
assumptions, the first six equations give 

Ma » M3 and Ua » — dp 

and further 

. . . ( 1 ) 

= . . ( 2 ) 

whore o,ndQ2= -S 



When the spaoings and are given, 2:1 is calculated 
from (2), and then 2:2 from (1), and the ratio of the 
reciprocating masses from (3). 
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The solution of the first six equations with four 
terms per equation is not limited to the symmetrical 
engine. 

The expressions for unsymmetrical engines are 
complicated. The general solution is given by 
Lorenz in Dynamik der Kurbelgetriebe (Leipzig, 1901), 
and Professor Ingles, in a paper printed in the Transac- 
tions of the Institution of Naval Architects, gives curves 
from which the graphical solution can be found for 
the proper given conditions. 

It will be remembered that in the special con- 
struction given in § (9) for the four-crank engine the 
pole 0 can be chosen at random. The quantities then 
satisfy the first four of the eight equations. There 
is one position of the pole and one only which yields 
results which satisfy the first six equations. Schlick, 
in the paper mentioned above, gives a geometrical 
construction for finding this position for the sym- 
metrical engine. See also study of the problem by 
G. T. Bennett in a paper entitled “ The Balancing 
of the Pour-Crank Engine,” read before the Inter- 
national Congress of Mathematicians at Cambridge, 
August 1912 ; also a paper by Professor Inglis, 
Trans. Inst. Naval Arch., 1911, Part 1. 

The setting of the four main cranks derived 
from these six equations and the resulting 
four reciprocating masses produce balance 
only amongst themselves. The valve gear 
with its heavy reciprocating valves has 
received no consideration. In practice^ the 
valve gear must be brought into the problem 
to secure the best results. A compromise 
can be made which results in perfect primary 
balance for forces and couples of all the 
reciprocating parts, including the pistons and 
the valves, whilst the condition for secondary 
balance of the forces is nearly satisfied. 

§ (12) The Balancing op Locomotives.^ — 
Each coupling rod is imagined to be replaced 
by masses concentrated at the crank pins. 
The pins share the mass of a rod in the pro- 
portion in which they share its weight. Then 
by § (5) may be found the angular positions 
and the masses at crank radius to balance 
the revolving masses of each axle. A balance 
weight is usually cast with the wheel and 
is often shaped in the form of a crescent. 
Let m be the mass of the crescent-shaped 
balance weight, excluding the mass of the 
spokes passing through it, and let r be the 
radius of the mass centre, then by trial and 
error values of m and r must be found such 
that where M is the balancing 

mass at crank radius R. 

The reciprocating masses are usually 
balanced by revolving masses placed in the 
driving wheels. These are combined with 
the masses required to balance the revolving 
parts, so that the balance weight seen in a 
driving wheel is the resultant of two balance 
weights, namely, one to balance the revolving 
masses, the other to balance the reciprocating 
masses. The balance weights added to balance 
the reciprocating masses are themselves un- 
^ “ Steam Engme, Eeciprocating,” § (8). 


balanced in the vertical direction and so 
produce a varying pressure on the rails. Let 
W be the static load on a driving wheel, that 
is, the load measured on a weigh bridge, and let 
m be the revolving mass at radius r added to 
balance the reciprocating masses, then the 
static load is alternately increased and 
diminished per revolution by the amount 
moyh-jg pounds. Omega is here the angular 
velocity of the wheel in radians per second. 
It is more convenient to express the angular 
velocity in terms of the speed of the engine. 
Let V be the speed of the engine in miles per 
hour, and D the diameter of the wheel in feet, 
then the maximum and minimum load on 
the rail can be calculated from 


W± 


0-00012mrV* 

52 


tons. 


An average type of coupled engine would 
have W = 7J tons on the driving wheel, and 
if the reciprocating parts were fully balanced 
the second term may reach the value of 4 tons 
at 60 miles per hour even on a wheel as large 
as 7 feet diameter. 

The rail load would then vary between 12 J 
tons and tons per revolution. This would 
be destructive to the permanent way, especially 
to the cross girders of bridges, but the tractive 
pull would be even. It is better from the 
permanent way point of view to leave the 
reciprocating masses unbalanced. But if 
this is done the 4 tons variation appears in 
the tractive puU, In practice a compromise 
is made and it is usual to balance only § of 
the reciprocating masses, leaving ^ to vary 
the tractive pull and throwing the efieot of 
I on the permanent way. 

Having decided what proportion of the 
reciprocating masses is to be balanced, pro- 
portionate masses are supposed concentrated 
on their respective crank pins. And since 
the balance weights are going to be added, 
not as reciprocating masses but as revolving 
masses, these masses can be included in the 
schedule of the revolving masses, and § (5) 
applied to find straight away the resultant 
balance weights for the driving axle. 

When the driving wheel is small there may 
be difficulty in designing a suitable balance 
weight for it. The revolving balance weight 
added to balance the reciprocating masses 
may then be distributed between the coupled 
wheels equally or in any proportion thought 
suitable. The balance weight then seen in 
any one of the coupled wheels is the -resultant 
of the balance weight required to balance its 
revolving masses, and the balance weight 
required to balance the proportion of the 
reciprocating mass transferred to it. 

This distribution of the balance weight 
required to balance the reciprocating masses 
also distributes the hammer blow, as the 
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variation of rail load is called. For example, 
the hammer blow of 4 tons under the driving 
wheel may be distributed to give 1*3 ton 
under each of three coupled wheels. 

The reciprocating masses of a four-cylinder 
locomotive may be balanced amongst them- 
selves, as explained in § (10). The possibility 
is not, however, taken advantage of because 
the cranks are generally arranged in two 
180° pairs at right angles. 

It has been pointed out in § (7) (c) that this 
is the one angular spacing at which mutual 
balance is impossible. If the reciprocating 
masses are equal there is balance for the 
forces but the couple is unbalanced. This 
means that the reciprocating masses produced 
no variation of the tractive pull, neither is 
there any variation of rail pressure, so that 
there is no hammer blow. But the unbalanced 
couple acts on the engine to make it sway 
laterally. This swaying can be corrected by 
the addition of revolving masses in the driving 
wheel, but these masses, although without effect 
on the tractive pull, introduce a hammer blow. 

H the angles and masses were designed to 
secure balance there would be no variation 
of tractive pull, no hammer blow, and no 
swaying couple. Four sets of valve gear 
would be required as against the two sets 
with which the four-cylinder locomotive is 
usually operated. 

§ (13) The Balaj^oing of Internal Com- 
BtrsTiON Engines. — ^The petrol engine,^ which 
before the war was used mainly to drive 
motor cars, has been developed during the 
war into a powerful prime mover for aircraft. 
Dynamically aircraft engines can be dis- 
tinguished into three types : 

Type A. An engine with its cylinders ranged 
in a line along the crank shaft so 
that the cylinder centre lines and 
the crank shaft axis lie in a plane. 
Type B. The V engine formed by placing 
engines of type A to drive a 
common crank shaft and arranged 
about it so that the planes con- 
taining the centre lines of their 
cylinders intersect in the axis of 
the common crank shaft. Thus 
two four-cylinder engines of t3q)e A 
become an eight-cylinder V engine 
driving a four-crank shaft. Three 
four-cylinder engines of type A 
become a double V engine of 
twelve cylinders driving a four- 
crank shaft. 

Type C. The radial engine in which the 
cylinder centre hues radiate from 
the centre of the crank shaft 
and all lie in a plane perpendicular 
to the axis of the crank shaft 

^ See '■'Petrol Engine, the Water-cooled”: “Air- 
craft Engines,” Vol, lY. 


Internal combustion engines used in sub- 
marines, in factories, and in motor cars belong 
as a rule to class A. 

The balancing of engines of tyx)C A has 
been considered in sections (5), (6), and (7), 
and from the results there given deductions 
can be drawn for a few arrangements found 
in internal combustion engines, but not yet 
specifically considered. 

The four-crank engine of type A with equal 
reciprocating masses and with cranks set, 
the middle pair parallel and the outer pair 
parallel and at 180° with the middle pair, 
and with the cranks symmetrically pitched 
along the crank shaft, is the usual arrange- 
ment found in a four-crank motor car engine. 
With these conditions the reciprocating 
masses are balanced for primary forces, for 
primary, secondary, and all higher orders of 
couples, but are unbalanced for secondary 
forces. 

The unbalanced secondary force mpjy ho 
shown to be 


~gir 


cos %6 Ibs.-wt. 


acting vertically at the centre of the crank 
shaft. 

M,is the mass in pounds of one set of recipro- 
cating parts, r is the crank radius in foot, L 
is the length of the connecting rod in feet, 
and CO is the angular velocity in radians 
per second. This reduces to very nearly 
(SM/iV/L) cos 2df using for f/, 32*2. w — revolu- 
tions per second. 

An eight-cylinder V engine formed by setting 
two four-cylinder engines of the above kind 
together at an angle of 90° is theroforo 
balanced for primary forces, for primary and 
secondary and all higher orders of couples, 
but is unbalanced for secondary forces. 

The unbalanced secondary force is the 
resultant of the unbalanced secondary force 
from each of the four-cylinder engines. This 
has just been shown to have the value 
(5 MmV/L) cos 20. 

Combining those together it will bo found 
that the magnitude of the resultant is very 
nearly (7MnV2/L) cos 20, and that this alter- 
nating force acts horizontally. 

The 6-cylindor engine of typo A with equal 
reciprocating masses and cranks sot, the 
inner pair parallel, the next pair parallel 
and at 120° with the inner pair, and the outer 
pair parallel and at 240° with the inner pair, 
and with the pairs symmetrically pitched 
along the crank shaft, is balanced for primary 
and secondary forces and higher orders, ex- 
cluding orders divisible by 3 ; and for primary 
and secondary and all higher orders of couples. 
Practically it is a perfectly balanced engine. 
V engines made up of six-cylinder ougincs of 
this kind are therefore in almost perfect 
balance. 
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The radial engine, type C, an eq[Tii- 
angular n cylinder radial engine with the 
connecting rods coupled to one crank pin 
and with reciprocating masses per cylinder 
equal to M pounds, is balanced for primary 
reciprocating forces by a balance weight m 
opposite the crank pin calculated from 

pounds at crank radius. 

This is vahd for all values of n except 1 and 2. 

If further at crank radius is the equiva- 
lent of the unbalanced revolving parts due to 
the crank arm, crank pin, and the 7i equal 
revolving parts of the connecting rods, the 
actual balance weight to be added at crank 
radius diametrically opposite the crank pin 
to balance the reciprocating parts and the 
revolving parts is m+M^ pounds. 

It is shown below that when the number of 
cylinders exceeds three, the secondary forces 
along the respective lines of stroke mutually 
balance. 

If there are three cylinders, mutually at 
120®, there is an unbalanced secondary force 
equivalent to that caused by a mass weighing 
I J Mr^/L pounds concentrated at the crank 
pill of a crank of radius r and revolving twice 
as fast as the main crank, but in the opposite 
direction. 

These statements are proved as follows. 

Let /3 be the angle between adjacent lines 
of stroke so that /3=27r/n. Reckoning the 
crank angle always in the positive direction 
from any one of the n lines of stroke in the 


Y 



engine, it -will be seen from Mg. 22 that the 
crank angle reckoned from the ^th line of 
stroke is ^ 4- (fc - 1)^3. 

The force along the A;th line of stroke is 
therefore 

F=Acos + l)/3} +B cos2 {d ^(h-l)p} 

A=M6jV and B = — y — . 


The simultaneous values of the force along 
each line of stroke is found from this equation 
by substituting in succession /fc = l, ^ = 2, to 
k~n. 

To find the resultant force on the frame, 
each of the forces is resolved into components 
along mutually perpendicular fixed axes and 
their resultant is determined. The statements 
made above are easily seen to follow. 

These results only apply strictly when the 
connecting rods are coupled directly to the 
crank pin. If they are coupled through a 
floating big end, articulated as it is called, 
then the expression A cos ^ + B cos 26 no 
longer gives the accelerating force in the line 
of stroke with accuracy. 

Whatever be the mechanical arrangement, 
however, if the engine is balanced the mass 
centre of aU the moving parts remains at 
rest during the motion. Particular arrange- 
ments can therefore be examined from this 
point of view. 

In conclusion a point may be mentioned 
which is of importance in internal combustion 
engines. The driving torque on the crank 
shaft is necessarily accompanied by an equal 
and opposite reaction on the frame. If the 
driving torque varies periodically it tends to 
set the frame in torsional oscillation. This 
is minimised by increasing the number of 
cylinders and arranging the sequence of firing 
so that the torque curve shall be as uniform 
as possible. The eight-cylinder engine of type 
A gives a torque curve of least variation, 
The six-cylinder comes next. The four-cylinder 
has a large variation per revolution. 

The addition of a flywheel, although control- 
ling the variation of speed consequent upon 
torque variation, has no effect on the torsional 
reaction on the frame. That must follow 
every variation of the torque exerted by the 
crank shaft whether agamst a resistance or 
a resistance plus a flywheel. There is no 
difficulty in securing practical uniformity of 
torque in a steam engine.^ w. E. d. 

ENGINES, THERMODYNAlvnCS OF 
INTERNAL COMBUSTION 

§ (1). — all fluids the pressure, volume, 
and temperature are so related that if any 
two of these be known the value of the 
third is determined. We may thus take as 
our independent variables the pressure and 
volume, or the pressure and temperature, or 
the volume and temperature. In considering 
the thermodynamics of internal combustion 
engines it is in general found most convenient 
in diagrams to take the pressure and volume 
as the independent variables. 

^ “ A Comparison of Five Types of Engines,” etc., 
W. E. Baltoy, Trans. Inst. Nav. Arck.^ 1902. 
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§ (2) Cycles op Operations. — When a 
definite quantity of any substance is subjected 
to a series of operations such that it returns 
finally to its initial condition in all respects, 
such a series is termed a “ Cycle of Operations.*’ 

Carnot’s concepbion of a cycle of operations 
as a convenient means of considering quanti- 
tatively the changes undergone by the worldng 
substance of an ideal heat engine has proved 
invaluable in the development of the modem 
science of thermodjmamics ; its special merit 
is that as the working substance returns 
exactly to its initial state at the end of the 
cycle, so also does its internal energy, and 
hence we avoid the problem of discussing the 
measure of the change of energy of the 
working substance from its initial to its final 
state. 

In considering the performance of internal 
combustion engines it is found convenient to 
divide cycles of operation into two classes, 
viz, (a) perfect cycles, and (b) imperfect cycles. 

A cycle is said to be perfect when it is of 
maximum efficiency for the temperature range 
within which the engine works. 

A perfect cycle is reversible, i.e. if the engine 
be worked backwards the heat transferences 
at each stage are exactly reversed. 

A cycle is said to be imperfect when its 
efficiency is necessarily less than that of a 
perfect cycle for the same temperature range. 

All the cycles of operation employed in 
actual internal combustion engines are im- 
perfect in this sense ; owing to the nature of 
the operations performed, their maximum 
efficiency is in every case necessarily less than 
the conceivable maximum for the range of 
temperature involved ; the reasons for this 
are fully discussed later. 

§ (3) Isothermal and Adiabatic Changes.^ 
— ^When the supply of heat to a substance 
is so regulated that its simultaneous changes 
of pressure and volume take place without 
change of temperature, the changes are termed 
isothermal. 

When simultaneous changes of pressure and 
volume take place in a substance completely 
heat-insulated from all external bodies, so 
that there can be neither loss nor gain of heat, 
the changes are said to be adiabatic. Expan- 
sion takes place, in general, against some 
external resistance (as, e.g., that ofiered by 
atmospheric pressure, or a loaded piston), 
and hence mechanical work must he done by 
the expanding substance in order to overcome 
tliis external resistance. Anticipating the 
first law of thermodynamics, it is evident 
that if heat be supplied to the expanding 
substance some, at least, of this will be 
expended in the external work of expansion. 
On the other hand, if no heat be supplied to 
the expanding substance, the heat-equivalent 

^ See also “Thermodynamics,” §§ ( 15 ), ( 16 ). 


of the external work done must he siiiq-klied 
from the store of energy of tlie substance 
itself (termed its internal energy), and its 
temperature will, in consequence, fall as the 
expansion proceeds. Clearly, then, on a 
pressure-volume diagram a curve indicating 
adiabatic changes from any initial condition 
is always steeper than a curve indicating 
isothermal changes from the same initial 
condition. 

§ (4) The Two Laws oe Thermodynamics. 
(i.) Tha First Law. — The first law assorts 
that heat is a form of energy ; when heat is 
converted into mechanical work, or vice versa, 
the quantity of mechanical work done is 
simply iDroportional to the quantity of heat 
converted. 

The British Thermal Unit (B.Th.IJ.) is the 
quantity of heat that wdll raise 1 lb. of water 
at, or near, its temperature of maximum 
density, through 1° F. This quantity of heat 
if wholly converted into mechanical energy 
will perform 778 ft.-lhs. of work. This, tho 

mechanical equivalent ” of heat, is usually 
styled “Joule’s equivalent” and denoted 
by the symbol J. If the centigrade scale of 
temperatures be used the value of tho 
mechanical equivalent, then styled tho 
C.Th.U., becomes approximately 1400 ft. -lbs. 
(See “Heat, Mechanical Equivalent of,” § (0).) 

(ii.) The Second Law. — This puts on record 
our experience that heat, unaided, is unable 
to pass from one body to another at a higher 
temperature. Clausius’ enunciation of this 
law is as follows : “ It is impossible for a 
self-acting machine, unaided by any external 
agency, to convey heat from one body to 
another at a higher temperature.” (Sec 
“ Thermodynamics,” § (1).) 

§ (5) Carnot’s Ideal Cycle. — Tho cycle 
imagined by Carnot comprises two iaotberms 
and two adia- p 
batics. During 
the first opera- 
tion the work- 
ing substance — ^ 
which may be | 
any whatever — 
is caused to ex- 
pand isotherm- 
ally from 1 to 2 
at a tempera- J 
ture T {Fig. 1), 
receiving during 
this operation a 
quantity of heat which may be denoted by H. 
At some point 2 tho heat supply ceases, and 
the expansion continues adiabatically until a 
point 3 is reached. At 3 the third operation 
commences, viz. that of isothermal compression 
at some lower temperature ^, to a point 4, 
such that on further compressing adiabatically 
from 4, the point 1 is again reached ; during 
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the isothermal compression ^ a quantity of 
heat, A, is abstracted from the working 
substance. Durii^_ the isothermal and adia- 
batic expansions 12 and 23, mechanical work 
is done by the substance, measured by the 
areas 122T'l and 233'2'’2 respectively. During 
th e isothermal and adiabatic compressions 
34 and 41, mechanical work is done on the 
substance, measured by the areas 344'3'3, 
411'4'4 respectively. The complete cycle of 
operations leaves, therefore, a quantity of 
“ useful work ” done by the substance repre- 
sented by the area 1234 obtained by the 
expenditure of a quantity of heat H, of which 
a part, h, is rejected. By the First Law of 
Thermodynamics, therefore, the useful mech- 
anical work U (measured, for convenience, in 
heat-units) must be given by the relation 

U=H-A. . . . (1) 

And the efficiency of the cycle, being the 
ratio of the useful work obtained to the energy 
expended, is 

Effioiency=2='^-^=l-g. • (2) 

This equation expresses the efficiency of the 
Carnot cycle in ternas of the heat received at 
the upper Umit of temperature T, and that 
rejected at the lower limit t 

Moreover, the cycle is reversible; if the 
engine be worked backwards and an amount 
of energy U be given to the worldng substance, 
it will draw heat h from the sink at temperature 
t and give heat H to the source at temperature 
T, passing through all the stages passed 
through during the direct process, and being 
in the same condition in all respects at each 
corresponding stage in the two. 

§ (6) The Caenot Cycle a “ Perfect ” 
Cycle. — No conceivable engine, whatever its 
cycle, working between T and t can have a 
greater efficiency than the Carnot en^ne. 
For if it be possible, let there be such an engine 
X using the same “ source ’’ of heat at tempera- 
ture T, and the same “ sink ” of heat at 
temperature t. 

Let X be so coupled to the Carnot engine 
as to drive it backwards without doing 
external work ; then during each revolution 
of the coupled engines the follo\ving exchanges 
take place : 

Engine X takes heat from the T-source, 
rejects heat ¥ to the i-sink, and performs 
mechanical work U = H' - 7i' ; and 

The Carnot engine is reversible, and working 
backwards takes in beat Ji from the f-source, 
and rejects heat H into the T-source in virtue 
of mechanical work U done upon it, given by 
U = H - 7i. Thus, on the whole, no mechanical 
work is done, and H — = H' - ; hence 

But since X is the more 
efficient engine, it does the work U for a less 
expenditure of heat from the source than 


that required by the Carnot engine. Thus 
H' is less than H, and hence h' is less than 
h. Thus the source at temperature T gains 
heat H - H', and the sink at a lower tempera- 
ture t loses an equal amount of heat h - ¥. 
Hence by means of an inanimate material 
agency — the two engines coupled — heat is 
transferred from a body at temperature t to 
one at a higher temperature T, in violation of 
the Second Law of Thermodynamics. Thus 
engine X cannot have a greater efficiency, 
working between T and t, than that of the 
Carnot engine between the same temperatures. 

Hence the Camot cycle is of maximum 
efficiency, i.e. is a “ Perfect ” cycle. 

It immediately follows that, within the 
same temperature range, all perfect cycles 
are of equal efficiency, the value of which in 
terms of heat received and heat rejected is 
as given in equation (2). 

§ (7) EIelvxn’s Absolute Scale of Tem- 
perature. — Equation (2) expresses the effi- 
ciency in terms of heat quantities ; it is next 
necessary to show how the efficiency may be 
expressed in terms of the limiting tempera- 
tures themselves. 

Let A^Ej (Fig. 2) represent a portion of an 
isothermal, at temperature T^, of the working 


Adiabatios 



substance, which may be any whatever. 
Along AjEi let points B^, C^, D^ be taken such 
that the expansions A^B^, B^Cj, C^Di corre- 
spond to the addition of equal quantities 
of heat, Hi, at the constant temperature Ti ; 
and through Ai, Bj, Ci draw a series of 
adiahatics of the substance. 

Let AoBoOo he a second isothermal of the 
substance corresponding to some lower tem- 
perature Ta. 

Then the quadrilaterals A 1 B 2 , B 1 C 2 , CiDg 
are aU. equal ; for each is the useful -work-area, 
U, of a Camot engine diagram receiving heat 
Hi at the higher temperature Ti, and rejecting 
heat at the lower temperature Tg. Moreover, 
since the efficiency is the same for each of these 
perfect cycles the amount of heat rejected at 
the lower temperature Tg is the same for each. 
Let it he Hg. Hence, also A^Ba, B^Cg, C 2 D 2 
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represent the isothermal changes at T2 due to 
equal additions of heat, H2, to the substance. 
Next suppose there to he drawn a series of 
isothermals A3B3G3, A4B4O4 such that the 
quadrilaterals A^Bg, A2B3, A3B4 are all equal : 
then it is evident that the two series of 
isothermal and adiabatic curves divide up 
the whole diagram into quadrilaterals of 
equal area. Now Kelvin defined equal tem- 
perature intervals as those between any two 
consecutive isothermals of this seiies : as 
this system of graduating temperatures is 
independent of the nature of the thermometric 
substance employed, it is styled the absolute 
scale of temperature. On this scale it is 
immediately obvious from the diagram that 
the efficiency of a Carnot engine working 
between and T3 is twice as great as that 
between T^ and T2 ; and between and T4 
three times as great ; and, generally, that 
the efficiency is proportional to the difference 
between the upper and lower temperature 
limits 'tneasured in this way, i.e. 

J^=C(Ti-T„), . . . (3) 

where T^ and T„ are the npper and lower 
absolute temperature limits respectively. 

The constant quantity C must be in- 
dependent of T„, but may be a function of 
Ti. It is termed Carnot’s Function, and its 
value is immediately determined from the 
consideration that as equation (3) is to hold 
whatever may be, let T„ be supposed so 
reduced (see Fig. 3) that the whole of the heat 
Hi is converted into useful work XJ. As U 



cannot conceivably be greater than this, it 
can only be inferred that when U =Hi the tem- 
perature T„ is the zero of the Kelvin scale ; 
thus =0 when U=Hi ; hence equation (3) 
gives in this case 1 =CTi or 


Thus Carnot’s function is the reciprocal of 
the temperature reckoned from the Kelvin 
absolute zero. 

The efficiency of the Carnot cycle can now 
be expressed in terms of the absolute tempera- 


tures of the limits ; for if these be T and t 
respectively we have from equations (3) and (4) 

Efflciency=?^* = l-^, . . (5) 


and thus depends only on the ratio of the ab- 
solute temperatures between which the engine 
works. From equations (2) and (5) we have at 
once the important fundamental relation 


H_T 
h" V 


(<3) 


Heat rec eived _ Abs. upper temp. . , 
Heat rejected "A bs. lower temp. 

^ (81 Tempeeatukes by Gas-Tiieemometee. 
— Anticipating § (14) et seq., wo know that 
for an ideal perfect gas p?; = Rr, where r is 
temperature as given by the gas-thermomotor 
itself and R a constant; and it is easily 
showm,^ by a direct and independent investi- 
gation, that with such a gas as working sub- 
stance, the efficiency of the Carnot cycle is 
expressed by 1 — where Tg and Ti are 
the lower and upper gas-tempcraturo limits 
respectively. Hence by equations (2) and (6) 
we have — tjH ; 


Kelvin abs. lower temp. 

Kelvin abs. upper temp. 

_ Gas-thermometer lower temp . 

‘"Gas-thermomotor upper temp.* 

In the gas-thermometer scale, the temperature 
interval between the freezing and boiling 
points of water is divided into 100 equal 
degrees, and this leads to the zero occurring 
at 273° below the freezing-point of water. 
If the same size of degree be adopted for the 
Kelvin scale, then wo shall have T=rj^ and 
and the readings, on either scale, will 
be identical. As the ordinary permanent gases 
approximate closely in their properties to 
those of a perfect gas, — within the temperature 
range occurring in internal combustion ongiiios, 
— it is to be expected that the readings 
furnished by a gas - thermometer will corre- 
spond very closely with the temperatures 
of the Kelvin absolute scale. This is found 
to he the case, experiments by Joule and 
Kelvin on the flow of air and other “ per- 
manent ” gases through porous plugs showing 
that for all practical purposes the readings 
of a gas-thermomotef sensibly coincide with 
absolute temperatures on Kelvin’s scale. ^ 
Callendar {Phil. Mag., 1903) has given tables 
showing the correction to be made with air, 
hydrogen, and other gas - thermometers in 
order to convert their readings to those of the 
Kelvin absolute scale. The correction is 
very small, amounting' in the constant- volume 
hydrogen thermometer to not exceeding 
1/lOth of a degree between -10° G. and 


^ Sec “Thermodynamics,” § (20). ® Jhid. § (12). 
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1000® C. With a constant-volume air ther- 
mometer the correction is slightly greater, 
but still very small. With gas-thermometers 
of the constant-pressure type the corrections 
are again slightly greater. 

For all thermodynamic investigations on 
internal combustion engines, however, the 
readings of a gas-thermometer may be taken 
as absolute temperatures. 

§ (9) Entropy. — Let AB {Fig. 4) be any 
two points on the pressure-volume diagram 
of a substance, and suppose that by the 
addition of heat simultaneous values of its 
pressure and volume in passing 
from the state A to the state B 
are indicated by 

Entropy 

joining A to B, and 
which may be of 
any form whatever. 

Through A and B 
let there be drawn 
adiabatics ; and 
through any point 



Volume 
Fig. 4. 


below A let there be drawn any isothermal, 
cutting these adiabatics in a and b resi>ect- 
ively ; and let t be the absolute temperature 
corresponding to the isothermal ab. Let the 
path from A to B be divided into a large 
number of small parts through each of which 
a small portion of an isothermal is drawn, as 
A,;B„, the corresponding temperature being 
T„, and through each extremity of each of 
these small isothermals let adiabatics be 
dravTi cutting the ^-isothermal ab. as at 
a^, 6„. The whole area AB6a is thus divided 
up into a large number of elements, each of 
which is a Carnot engine diagram receiving 
heat at temperature T„ during the iso- 
thermal expansion A,jB,j, and rejecting heat 
at temperature t during the isothermal 
compression bJ^a^. The work-area A„B„6„a„A„ 
being denoted by U„, we have therefore, by 
equations (2) and (5), 


which may be written 


-*-n 


(7) 


Set out at length, therefore, 

{H1 + H2 + H3+ . . . } - {U1+U2 + U3+ . . .} 




Ha 

4 ? 4- 

^ m ' 




But A„ = (H,,-U„) by equation ( 1 ); setting 
this out at length also we have 

{/i-i -f /i .2 + ^3 "b * • • } — {Hi 4- Hg 4- H 3 -f . . . } 
-{Ui4-U3 4-U3 4- . . 

and accordingly, 

<1. T T ■) if Hi H, Ho '1 

{^1 4-^2 + ^3+ • • • } ‘ 

But AjL-f - ^2 4- ^ 34 - ... =Ji, the whole quan- 
tity of heat rejected by isothermal compression 
at ty from b to a; so that the result becomes 
/Hi Ho Hg 1 A 

* ' • / =7’ a 

wha 1 ;ever H^, Hg, Hg may be. 

When the number of parts into which the 
path AB is divided is indefinitely great, each 
of the quantities Hg, Hg, etc., is properly 
denoted by dH, and we thus obtain the remark- 
able and important result 

J = S’ constant. . . ( 8 ) 


This is true whatever the form of the path 
between A and B ; it is true wherever A and 
B be taken on their respective adiabatics ; 
and it is also tnie wherever the isothermal 
ab be drawn. The result may be* expressed 
verbally as follows : For any working sub- 
stance let any two adiabatics be drawn ; 
take any point on one and any second point 
on the other ; by means of a heat supply to 
the substance, varying in any manner what- 
ever, let the condition of the substance be 
changed from that denoted by the first point 
to that denoted by the second; divide each 
very small addition of heat, whatever its 
source, by the absolute temperature at which 
it is added. Then the algebraical sum of 
these quotients is constant in value. 

Along any adiabatic dK = 0 by definition ; 

rB 

thus in this case J dH/T = 0. 

fB 

Hence (Fig. 4), I dS/T indicates a quantity 

which increases by a constant amount as we 
pass from one adiabatic Aa to another B6. 
Clausius gave the name Entropy to the value 

of the iutegral I dH/T taken from some 

Jo 

unknown zero of entropy up to the state 
A. It is a function only of the state of the 
body. The zero of entropy is that of a body 
entirely deprived of heat, a condition unknown 
to us, hut since we are concerned only with 
the changes of entropy this is immaterial, and 
equation (8) may be interpreted as expressing 


the fact that j dH/T, the difference of the 

entropies of the two conditions A and B, is 
a constant. Entropy is usually denoted by 
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the symbol ; if, then, (f>i be that of A and <f >2 
that of B, we have, starting from any arbitrary 
zero. 


and hence j' 


Practically entropy is reckoned from some 
assumed standard condition, as, for unit 
mass at one atmosphere of pressure and 0° C. 
or 100° C. temperature. As along any adiabatic 
the entropy is of constant value, ad adiabatics 
are also isentropics. 

If an element of heat, dH, he added at 
absolute temperature T to a substance, the 
corresponding change of entropy is d(p ; by 
equation (8) cl<p~dll/T. This may also be 
written dK=Td<p, and dH/d0=T. Or, for a 
finite change, 

/c[H.=:jT:d<p. . . . (10) 

The value of the entropy is easily determined 
in any specific case, as is shown later in this 
^ „ article (vide 

I Temperature-Entropy ™ /okw A- c- 

Diagram b ^ ^ 

I 0 -P / shows a tem- 

I perature-en- 

I I ^ropy diagram ; 

^ usual to 

I A-^ sTpTty I. take the tern- 

^ J from ^ peratures as 

I c fo D ^ ordinates and 



O M N ^ entropy as ab- 

Entropy scissae; let 

Pig. 5. AB be a curve 

connecting tem- 
perature and entropy, and from any points 
C* and I) (02T2) on this curve draw 

ordinates CM and DN respectively ; then 
fD r<f>2 

dR= Td^ = £iTea. MCDNM. 

Hence the hatched area measures the heat 
supply to the substance from condition C to 
condition D. On the temperature-entropy, 
or “ T — 0 ” diagram all isothermals obviously 
appear as horizontal lines, and all adiabatics 
(isentropics) as vertical lines, as indicated 
in Fig. 6 ; thus the T — </> diagram of any engine 
working on the Carnot cycle, whatever the 
umrking substance, is a rectangle as 12341, 
12 representing ^ isothermal expansion at 
temperature _T, 23 the adiabatic expansion 
from T to t, 34 the isothermal compression at 
tf and 41 the adiabatic compression from i 
to T (compare Fig. 1). The area M12NM 
represents H, the heat supplied during l2, 
while N34MN represents h, the heat rejected 
during 34 ; hence the closed area 12341 
represents (H - h), i.e. U, the heat converted 
into useful work. And it is immediately 
obvious from this diagram that the efficiency. 


j Line of Abs. Zero\Temp^ratura 

o M N 

Entropy 


U/H, being the ratio of the areas I234T and 
M12NM, is also expressed by (T-i)/T. 

And, generally, the “T — 9^’' diagram of 
an engine working on any cycle is represented 
by an enclosed 

figure as, e.p., Compare Flg.2 

that shown T AcH abatios (Isentropi cs) 

hatched in Fig. . „ « ^ ^ 

7, the area of | ^ h- „ 

which repre- S — I 

sents the useful | | ^ ^ 

work performed ^ s 

just as in the | 5, 

case of a pv dia- J g 

gram. Through ^ ,,, , ^ 

tie four ex- ^ j 

treme pomts of Entropy 

of this hatched 

area let horizontal and vertical linos bo drawn 
as shown. Then the actual oiigine receives 
per cycle heat H' represented by the area 
MABCNM, and rejects heat h\ represented 
by NCDAMN, its efficiency being 

H'-h' . . h' 

— jp- i.e. l-jp. 

Now the temperatures between which this 
engine works are T and t ; and 12341 is the 
T-0 diagram of a Carnot engine working 
between the same temperatures, H being now 
represented by M12NM, and 7i by N34MN. 

It is obvious that M12NM is greater than 
MABCNM and that N34MN is loss than 
NCDAMN, that is, that H is greater than 
H', and h less than h' ; thus h/B. is loss than 
h'IK\ and, therefore, (1-7/711) is always 
greater than (1 - h'/K') ; that is, the efficiency 
of the perfect cycle engine is a maximum, as 
has already been shown otherwise. 

§ (10) Entropy in a Complete Cycle. — 
Whatever the cycle of an engine, whether 
perfect or not, the working substance returns 
at the end of each cycle to its initial condition 


T T~4> Diagram; any Cycle 

It 

„ /soiherm 


Temp. T 


C 




Q Isotherm 

^ D 

Temp.t 


^ ^ Entropy ^ ^ 

Fig. 7. 

in all respects, and thus in a complete cycle 
there is no change of entropy ; or, symbolically, 
for any complete cycle ; 


/f=.. 
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In interpreting this equation all heat gained 
or lost by the substance as heat^ 'W'hateTer its 
source, is to be included. If, for example, 
the cycle includes processes, as of “ unbalanced 
expansion,” any heat generated Td-thin the 
substance itself during the subsidence of its 
turbulent motions must be included in the 
summation of equation (11). Any heat so 
generated is clearly a positive addition to the 
entropy summation. 

If heat acquired by the substance in this, 
or other analogous manner, be not included 
in the summation, then it will be necessary 
to assert that only for any perfect cycle is 
equation (11) true, and that for an imperfect 
cycle y^R/T is negative. ^ 

§(11) Temper ATUBE - ENTEOPT Diagrams. 
— These have proved of much value in study- 
ing the action of heat engines using water- 
steam as the working substance, but have 
not so far been much used in investigations 
connected with internal combustion engines. 

Among further graphic aids to the study of 
heat engines may be mentioned the diagrams, 
introduced by Dr. MoUier in 1904, of total-heat 
entropy (H9!)), and total-heat pressure (Hp) ; 
both of these have already been found of 
service in steam-engine and steam-turbine 
problems, but they have not yet been em- 
ployed in connection with internal combustion 
engines. 

§ (12) Peeeeot Gases. — For the so-called 
“ permanent ” gases, of which (dry’) air is 
the type, experiment has established the 
following results, termed the Gaseous Laws; 
they are conformed to by actual gases the 
more closely as they are raised in temperature 
the more highly above their condensation- 
point, that is, the more highly they are 
superheated. These Gaseous Laws are to be 
regarded, therefore, as the properties that 
would be exactly possessed by an absolutely 
ideal gas. 

§ (13) Law 1 (Boyle’s Law). — If tempera- 
ture remains constant, then the product of 
pressure by volume is also constant. Hence 
the isotherms of a perfect gas on a pv diagram 
are rectangular hyperbolas with the co- 
ordinate axes as asymptotes. 

§ (14) Law 2 (Charles’s Law). — Under 
constant pressure all gases expand at one 
uniform rate with increase of temperature. 
As by Law 1, vccljp when T is constant, and 
by Law 2, i;ccT when p is constant, it follows 
that t;ccT/p when both T and p change, Le. 
v=R(T/p) where K. is some constant. This 
result, combining Laws 1 and 2 in one state- 
ment, is usually written 

p?j=BT, , . , (12) 

and is termed the “ Characteristic Equation ” 
of a perfect gas. 

If pv and T suffer simultaneous increments 
VOL. I 


Ap, Ar, AT respectively, then, as equation (12) 
always holds, we must have 

(p-\- Xp){v+ Av) =R(T + AT), 
i.e. pAv -f vAp -f ApAv = RAT, 

and accordingly, in the limit, when the incre- 
ments are indehnitely diminished, 

pdv-^vdp=Rdll , . (12a) 

is the invariable relation connecting dv, dp^ 
and (fT. 

Here T is strictly the temperature measured 
on the absolute scale (§ (7)), but for all practical 
purposes the reading of a gas thermometer, or 
a good mercurial thermometer, is sufficiently 
accurate {vide § (8)). From equation (12) it 
appears that the expression pv/R measures the 
absolute temperature of a gas, and this property 
is much used in investigations of the action of 
internal combustion engines. The value of 
the constant R is determined in any specific 
case when the condition of the gas is known 
at any one instant. Thus for 1 lb. of air at 
0 “ C. (T=273°C. abs.), when p is 14-7 lbs. 
per sq. in. (=2117 lbs. per sq. ft.), it is found 
that the volume v is 12-39 cub. ft. ; hence from 
equation (12) 2117 x 12*39 = R x 273, whence 
R=96. Accordingly for air the characteristic 
equation is 

pv=Q6T. . . . (120 

§ (15) Law 3 (REG^fAULT’s Law). — The 
specific heat at constant pressure is constant 
for any perfect gas. This quantity (SH/ST)^ 
is commonly denoted by 

Another important mode in which a gas 
may receive heat is at constant volume. 
The specific heat at constant volume (5H/5T)o 
is usually denoted by X^. For air as the 
result of careful experiment the value of Z’j, 
was determined by Regnault^ as 0*2375 
C.TIlU. per lb. ; from this the value of X„ is 
obtained, by calculation, as 0-1689 C.Th.U. 
per Ib.^ 

§ (16) Law 4 (Joule’s Law). — If a gas 
expands without doing any external work, 
its temperature remains unaltered. The 
volume of a gas is always maintained by 
some external pressure, and if a gas expands 
mechanical work is necessarily done by it 
in overcoming this external pressure. If the 
gas be heat-insulated from all external sources, 
experience shows that its temperature rapidly 
falls during expansion ; the external work is 
done at the expense of the internal energy 
of the gas. When there is no external work 
done there is no loss of internal energy, and, 
as Joule’s Law shows, no loss of temperature ; 
and this is true whatever the pressure of the 
gas. Hence it is concluded that the internal 
energy of a gas is proportional to its absolute 

^ Tliese values are now considered to be too low; 
vide § (73); also in actual gases the values are not 
constant. 

T 
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temperature. Thus in a perfect gas isothermal 
curves are also curves of eq_ual internal energy, 
ie. are “ Isenergics.” 

§ (17) Symbolic Expression op the First 
Law op Thermodynamics. — In general, 
when heat is supplied to a perfect gas, the 
pressure, volume, and temperature all undergo 
change, though at each instant the char- 
acteristic eq^uation ^u=RT remains true. 
Suppose the addition of a small qLuantity of 
heat AH, to a gas at p, v, T, to cause these 
q_uantities to become (p+Ap), (v-f-Ai;), 

(T+AT) respectively. The effect may be 
considered to be produced in two steps, 
viz. (1) a rise in temperature of AT (with 
corresponding rise in pressure Ap) at constant 
volume, and (2) an expansion at constant 
temperature between T and (T + AT) through 
a volume A?j. 

The heat necessary to produce the first 
step is ft^AT, being by definition the 
quantity of heat necessary to raise the gas 
through 1° 0. at constant volume. For the 
second step the expansion at constant tempera- 
ture requires an amount of heat equivalent 
to the external work done, which lies between 
pAv and (p+Ap)Au. And the sum of these 
two quantities is AH. Hence, in the limiting 
case we have 

dH = KdX + ^,(13) 

t.e. Heat supplied=-|^temal°*l'''®^*- 

i energy j °“®’ 

where J is Joule’s equivalent (§ (4)). This is 
the symbolic form of the First Law of Thermo- 
dynamics in the case of perfect gases. 

§ (18). — Several fundamentaUy important 
results are immediately deducible from this 
equation. Thus, in isothermal or “ isenergic ” 
expansion T is constant; hence A;^dT=0; 
and accordingly in this case 

dK=?^, . . . (14) 

SO that the heat supplied is the exact equivalent 
of the external work done, the internal energy 
of the gas remaining unchanged. And, 
conversely, if a gas he isothermally compressed, 
the heat emitted is the exact equivalent of 
the work done upon the gas in compressing it. 
Integrating equation (14) we have, denoting 
by H, the heat supply necessary to change the 
volume from to v isothermally : 


H = / ^ 

J V J 


log.©. (15) 


The volume ratio of expansion (v/Vg) is usually 
denoted by r ; hence (15) is also written 


Heat supplied = Ext. work of expansion 


=«-flOg..: 


ET, 


log r . (16') 


in thermal units, T^ being the absolute 
isothermal-expansion-temperature. 

§ (19) Relation of to kj ,. — ^Witb the 
same initial suppositions as in § (17), if the 
addition of AH to the gas produces a rise 
of temperature AT (and corresponding volume 
increase Av) at constant pressure p, then 
by the definition of k^ we have at once 
AH = ^j,AT ; and, in the limit, dH = ^’^dT ; 
and the final state of the gas being exactly 
the same in each case, we may write 

dH = ^3,dT = kvdT + 


But p?;=RT, and as p is here constant, 
p(dvjdT) = 'Rf i.e. pdv=RdT ; hence 

l:,(n: = WT + ®iiT, 

so that = 5, . . . (16) 

J 


that is, of course, the difference of the two 
specific heats is the thermal value of the 
external work done in raising 1 lb. of the 
gas through 1® C. at constant pressure. The 
constant R=p(d?;/dT) is the measure of this 
external work in ft. -lbs. 

(i.) Value of Ic^ for Air . — Regarded as a 
perfect gas, the constant value of k^ for air 
can now be calculated ; for we have seen 
(equation (12')) that R = 96, also yt‘3,=0*2375, 
and J has been experimentally determined 
as 1400 ft. -lbs. per C.Th.U. : hence by (10) 


0*2375 


96 

1400’ 


whence = 0* 1689 C.Th.U per lb. 
as already stated. 

(ii.) Ratio of kjk^ ; Value of y . — The ratio of 
kjk^, always denoted by 7, is of fundamental 
importance in all thermodynamic investiga- 
tions ; in the case of air, regarded as a perfect 
gas, we see that 


^^31^0*2376 

6-1689 


= l-4.06. 


Assuming all heat-quantities to be expressed 
as energy in ft. -lbs. 


Equation (13) becomes 

dK==kydT+pdv, . 
while from equation (10) 

R—kj, — kv=^kv(y— 1). 

Hence by equation (12a) 

'RdT=kv{y—l). dT=pdv-]~vdpf 


so that 


k^dT {pdv +vdp} ; 


and accordingly (13 a) becomes 

dH t= {udp -1- ypdv j , . 

which may also be written 


dH I , dp > 
dv ”7 — 1 ^'^dv ■ 


(13a) 


(13b) 


* (13c) 
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This equation is sometimes useful in the analysis of 
actual indicator diagrams of internal combustion 
engines.^ 

The following formula giving H — readily in 
work-units, in terms of quantities easily measured 
from an ordinary indicator {jpv) diagram, is also 
worthy of notice. We have 

1 


hence 


ii 


and thus equation (13 a) becomes 

Tc — 
dQ. = —d'pv 
JR 


cZH = 


1 


dpv -^pdv. 


H-Ho = 


d Vo 


7-1 

Integrating aU across from (PoVoHa) to (pnH) gives 
1 

%-r 

Thus (H - Ho) is determined as p, t\ po, and Vq are 
directly measurable, and 1 pdv is 

Jvo 

by planimetrio measurement from 
diagram. 

If the actual expansion (or compression) curve 
of a diagram can be resumed by an equation of the 
form constant {vide § (22) infra), we have by 


(pv-poVo)+ pdv. . (13a') 


readily found 
the indicator 


differentiation 


v^~~ -{■nv*^~^p= 
dv 

dp 

v-^—-np; 

dv 


■0, 


hence in this case equation (13o) takes the very 
simple form ^ 

dv 


y—n 


7-1- 


C13I>) 


If, during expansion, the gas loses heat, dHJdv is 
negative and hence n must be greater than y. 

If, during compression, the gas loses heat, then as 
dH. = {y~n[y—l)pdv and both dK and dc are 
negative, n must be less than 7.^ 

When pv^=a, a constant, p=av~^, and thus 
equation (13i)) may be written 

on integration and reduction this gives 

. (13b) 

7— 1 1 — 71 

see also equation (35) infra. 

§ (20) The Adiabatic Equation of a 
Peefect Gas. — In adiabatic changes no heat 
enters or leaves the gas, and hence in equation 
(13) we symbolise this condition by putting 
Thus in adiabatic change we have 


1 


+ -jpdv=0, 


(17) 


^ Wimperis, The Internal Combustion Engine, 
pp. 64-66. 

* Ayrton and Perry, Proc. Phys. Soc,, 1885, 


which expresses that in this mode of expansion 
the external work is done wholly at the 
expense of the internal energy of the gas. 

As ^ = RT/y, and Rr=J(I'j, -^^)= J^^,( 7 -l), 
we may write (17) 


that is 


Y+(7-1)i^=0. 


(18) 


Integrating, logg T 4 -( 7 -l), logg v = 6, a con- 
stant. If Tq and Vq he datum temperature and 
volume respectively. 


6= Iog^T„ + {y-])log^®o. 


Hence 


and thus 


i.g.©+(,-i)i.g,(3-o, 

(©©'"='■ • ■ <-> 


This is the adiabatic equation of a perfect 
gas in terms of volume and temperature. As 
^v = RT always, equation (19) may easily be 
expressed in one of the following three ways : 

... a constant, . (20) 


I.T.(5)’ 


1-i 

y 


( 21 ) 


m 


§ (21) Expansion to Infinity. — If unit 
mass of a perfect gas be expanded (1) iso- 
thermally and (2) adiahatically, from an initial 

condition Pq, v^, T^,, to an infinite volume, 

Too 

the external work done being , pdv is in- 

Jvo 

finite in the isothermal case, by equation (15'). 
In the adiabatic case, however, we have 


Work to infinity = I pdv^povf!^ V 


■ydv 


by equation (20) ; that is. 

Work to infinity = -po'of^ 

(23) 

As JPo%=I^To = 1 *v( 7 ~ 1 )To, this may also be 
written 

Work to infinity =I'i,To, . (24) 

an obvious truth, as in this case the whole 
internal energy of the gas is converted into 
external work. 

Eor 1 lb. of dry air at 0° C. and one atmosphere 
pressure, regarded as a perfect gas, the external 
work done in expanding to infinity would thus 
be 0-1689 x 273 =46-1. C.Th.U. =64,540 fh-lbs., or 
28-8 ft. -tons. As Uo=12'39 cub. ft. this may also 
be expressed by saying that 1 cub. ft. at 0° C. and one 
atmosphere, expanding to infinity in the circum- 
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Volume 


stances here supposed, would perform about 2^ ft.- 
tons of work. 

§ (22) CuEVES OF Equation 23V” = Constant. 
— All the curves of this family have a general 
resemblance to the hyperbola for positive values 
of the constant index the co-ordinate axes 
being asymptotes. Such curves are frequently 
> of service in 

" ■ the study of 

\ \ „ n , heat-engine 

Q - Curves pv = Constan* aiagrams as it 

I often found 

§ R possible to ex- 

K, V press actual 

compression 
or expansion 
— . curves by as- 

Oe F M V signing a suit- 

Voiume ' able value to 

Eig. 8 . n.^ It is thus 

useful to esta- 
blish some geometric and thermodynamic pro- 
perties connected with them. 

Thus (Fig, 8), let D2S2C2 be two 

curves whose equations are 23^”=%, 
respectively, 

Property 1. — Let these two curves be cut by any 
horizontal, Le, constant pressure, line NB^Bg. Denote 
NBi_ by NBg by and ON by p. 


and therefore 


Eence any horizontal (constant pressure) line cuts 
the two curves in such manner that the ratio NEg/NB^, 
i.e. is constant. 

Property 2 . — Let the same two curves be cut by 
any vertical, i.e. constant volume, line MO^Og. 
Denote MCi by MCg by pg, and OM by v. 

Then 

pjV^ 


and therefore 


P2 ^2 

— ='-^ a constant. 


and therefore 


As this result is independent of a^, wo have the 
property that all the curves constant cut the 

pair of curves in such manner that the value of 
the ratio is constant. 

Lastly, we have 


by equation ( 27 ) ; that is, 


<S)-©' 


This result being also independent of O3, all the curves 
constant cut 
the pv'^ pair in such 

manner that the fTK ^ Carnot Diagram for 

value of the ratio a Perfect C as 

(pjvi) is constant. „ 

§ (23) Apvmca- I 

TION TO THE CaR- 2i p \ 

NOT Diagram. — '' 

The diagram of a ' 

Carnot cycle en- V— — 3 

gine using a per- . .. 

feet gas as work- ^ Volume V 

ing substance Big. 9. 

(Fig. 9) consists of 

two isotherms pv= constant, and two adiabatics 

= constant ; compare Ffp. 1. 

Here m = l, n=y; and we have accordingly 
by equation (27) 


or the ratios of isothermal expansion and 
compression are equal. And from (29) wo 
have immediately also 




Hence any vertical (constant volume) line cuts the 
two curves in such manner that the ratio MCg/MCi, 
i.e. Pifpi, is constant. 

Property 3 . — Let the same two curves be cut by a 
third curve D^Dg whose equation is pv'^ ~a^. Denote 
QD^ by Vj, RDg by v^, ED^ by p^, and FDg by jpg. 

Then 

Pll\^=aj^, 331^1^=% 532V=«2. P2*^2”‘=^3- 


or the ratios of adiabatic expansion and 
compression are also equal. 

The total expansion ratio is (vjvi) ; denote 
this by X, and let r and p denote the isothermal 
and adiabatic expansion ratios respectively. 
Then as {vjv^) = (vjv,j){vjvj), wo have 

X=pr. . . . (300 

Now in this case 

hence by equation (27) 

1 1 


\v,v.yJ \p, 


P zVz X ^ 


, a constant. ( 27 ) 




^ The value of 11 is readily determined by log- 
arithmic plotting. 


Hence the isothermal expansion ratio depends 
upon both the total expansion ratio and the 
temperature limits. As r is noooasarily 
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greater than 1, X must always be taken greater 
than 

And as by equation (30) p=X/n we have by 

( 31 ) 1 _ 

• . . . ( 32 ) 

Thus the adiabatic expansion ratio depends 
only upon the temperature limits. By aid of 
equations (30), (31), and (32) the diagram can 
be completely drawn when T, t, E, and one 
pressure, say are given. Lastly, from 
equations (5) and (32) we have 

Efficiency = 1- ^ • < (32') 

And thus, in the Carnot cycle the efficiency 
depends only upon the ratio of (adiabatic) 
compression. 


§ (24) Further Consequences op the Equation 
Const ANT. — ^The external work done when a 
gas expands from an initial volume Vq to any other 

j'V 

volume V being / pdv, if the law connecting p 
Jvo 

and V be pdv=poVo'^xv~‘^dv and hence 


Ext. work done 


^ PoVo^J V - 


^dv; 


that is 

Ext. work=po«o«i ^ > 

t — W. + 1 J 


_ PoVc^ f 0 _ Vq 1 


ivliich reduces immediately to the simple form. 

Ext. work =j^{py-P(,ro| . . . (33) 


As py — RT aadpo^o=RTo, this equation may also be 
written 

Ext. work=-~ {T-To}. . . (34) 

i — 71 


This result shows that when a gas expands in accord- 
ance with the law p 2 J"= constant the external work 
done is simply proportional to the change of tempera- 
ture of the gas. As the initial temperature is T©, if 
n be greater than 1 the temi>erature falls during ex- 
pansion, whereas if ti be less than 1 the temperature 
rises as the expansion proceeds. When 7i = l equa- 
tion (34) assumes an indeterminate form, but this 
is already known to be the isothermal case, and the 
temperature remains constant during the expansion. 

To determine the heat expended we have by aid 
of equation (13) 

H=i.(T-T„)+ / + T-T„: 

Jvo '■-™) 

as R=^-v( 7 - 1 ) this reduces to 

H=^— MT-n)=^=^'’(T-To), (35) 

1—71 1 — 71 


which show's that the heat expended is also simply 
proportional to the change of temperature of the 
working gas, and that this expands with an apparent 
specific heat which is constant and equal to 
K=(y—n/i-n)^v i K is negative for values of n 
between 1 and y and positive for all other values of n. 


In Figr. JO values of y-~njl~n, i.e. of are 

plotted against values of n from w =0 to 7 i= 2 . 

When 71=0, when 7 i = l, K— co, and the 

expansion is isothermal ; when 71 = 4(7 -f 1 ), K. = - ^ 4 , ; 
when 71=7, E= 0 , and the expansion is adiabatic; 
and when n is greater than 7 , X increases with n 



towards as a limit. The curve is a rectangular 
hyperbola with asymptotes as indicated in Fig, 10. 

It is also to be noted that in expansion of the type 
constant, the change of internal energy, 
^©(T— To), bears a constant ratio to the external 
work done, R/(l - 71) . (T - To). Eor we have 

Internal energy change h^{l-n) l-?i 
External work done R ”' 7 -!* 

As (y- 1) is always positive, the value of this ratio 
is positive if ti he than 1 , and negative if ti be 
greater than 1 . When ?i = l, the value is zero and 
the expansion isothermal ; and when n~y the value 
is — 1 , and the expansion is adiabatic. 

The adiabatic equation (20) is, of course, immedi- 
ately derived from equation (35) by putting H=0, 
which obviously requires that y-n shall vanish ; thus 

n~y and the required equation is ^ 7 ;"'^= constant, as 
already shown. 

§ (25) Entropy of a Feefect Gas. — In 
Fzgr, 11 Ai and A, are any two points on a 



pv diagram indicating any two conditions 
(Pi^ Ti, and (p^, Tg, ^> 2 ) respectively 
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of unit mass of a pei'fect gas. It is required 
to express (^2 ” <^i) term^s of '^13 ^l> Pi> 
and T 2 . 

Through and draw the isentropics 
{i.e. adiabatics) and A^Ag ; then 
is known if J^dB/T can he calculated for any 
one path from any point on to any point 
on a^A.;^, This can be immediately done if 
the path be of constant pressure, or constant 
volume, or constant temperature, and the 
results in each case will be identical, thus : 

(i.) Constant Pressure Path. — Through 
draw the constant pressure line A^A', meeting 
the isentropic < 22^-2 in A'. Let A (PivT.) be any 
intermediate point; then as 
we have v = vJTj^ilL), and hence dv — vJTj^idT ) ; 
thus p^dv —p^vJT^{dT) — MT. 

Now by equations (9) and (13), expressing 
work- quantities in heat-units, we have 

or, as pjdv—'RdT, 

i.e. . . (37) 

But, by equation (21), as A' and A^ are both on 
the isentropio a^Ag, ^ 

hence (37) becomes ^ 

(4>2 - <P,) log, (^“) (38) 

which expresses the difference of entropy 
sought in terms of the pressure and tempera- 
ture at Aj and A 2 . 

As =IIT^, we have 

hence (38) becomes 

(<^2 - <Pi) = h log, (1)"' (|“) ~ - v39) 

which expresses the difference of entropy in 
terms of tbe volume and temperature at A^ 
and A^. 

This may be somewhat simplified ; for 
Jcj, —yk^ : substituting therefore, equation (39) 
becomes ^ 

(0,-^i)=7-,log,(|) g)"'" . (40) 

Or again, as To/T^ equation (40) may 

be written 

(02 “ 0i) = 

which expresses the difference of entropy in 
terms of the pressure and volume at A^ and Ag. 
Equations (38), (39), (40), (41) enable the 


difference of entropy between Aj^ and Ao to be 
calculated when any two of the variables p, 

T are Imown at each point. 

As along an adiabatic pv^ is constant, if the 
value of this constant be denoted by 
equation (40) takes the simi:>le form 

(^2 -■#■!) loge • • (42) 

(ii.) Constant Volume Path . — Eeferring again 
to Fiff. 11, consider the cliango of entropy is 
proceeding along the constant volume path 
AiA' between the two iseiatropics a^Ai and 
A 2 A 2 . 

In this case dv — 0, and therefore pdv—O, 
no external work being done, hence we have 

f'^'dT /T'\ 

102 "* 0i) ~ ^ * 


But A' and A 2 being on the same isentropic, 


y-1 


r=T,g) 

© = ©(S) 

(02-0l)=*»log,(^*) (^) 


and therefore 


and thus 


7-1 


7-1, 


which is identical with equation (40). 

(iii.) CouMant Temperature Path. — Lastly, 
consider an isothermal path, as A^A' {Fig. 11) 
between the two isentropics. Then from 
equations (15) and (15') we have at once 

(02-0x)=/f=|=Rlog,(3. 


As before, A' and Ao being on the same isen- 
tropic, we have by equation (22) 


whence 




and accordingly 


1 

7-1. 

9 


that is, as R = k^{y—l), 

(02-0l) = *«log,(^)(^“)^ \ 

which is equation (40) again. Thus, proceeding 
from Ajl to A^ by the inter-isontropic paths of 
constant pressure, constant volume, or constant 
temperature, we are in each case led to the 
result that the difference of entropy of and 
Aj is expressed by k^ logg whore /3 

is the adiabatic constant pvy. 

§ (26) The Internal CoMBtrsTioN Engine 
“Mixture.” — A ll the preceding relations are 
strictly true only for an ideal perfect gas, 
which may be defined as a gas of which the 
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absolute temperature is simply proportional 
to the value of the product pv. For all the 
ordinary “ permanent ” gases the difference 
between the actual volume, and the value of 
RT/p is so small that it is unnecessary to take 
it into account in investigations of the 
performance of interna] combustion engines ; 
in all such investigations it is therefore usual 
to assume that the effective temperature of 
the worldng mixture of gases is given by the 
value of the expression p«/R, vidth a suitable 
value assigned to the constant R. Callendar 
has stated ^ that the experimental evidence 
available indicates the error of this assumption 
to be certainly less than 1 per cent for a mixture 
at 2000° C., the composition of the mixture 
being known. 

All internal combustion engines are essenti- 
ally air engines wherein the air is very suddenly 
and very intensely heated by causing chemical 
action to take place throughout its volume ; 
this is effected by “ carburetting ” the air, 
Le, by mixing it with a relatively small 
quantity of some inflammable gas or vapour 
in order to produce an explosive mixture, 
and igniting this explosive mixtm’e at a 
suitable instant. 

Before explosion the mixture consists of 
air (usually somewhat moist), carburetted with 
town’s gas, blast furnace gas, producer gas, 
“ fuel on ” vapour, kerosene vapour, petrol 
vapour, benzol vapour, alcohol vapour, 
acetylene, etc. etc,, dependent upon the 
inflammable agent used, and diluted to a 
varying degree with some of the exhaust 
products from the preceding cycle ; after 
complete combustion, and during the working 
stroke, the mixture consists of nitrogen, steam, 
carbonic acid gas, and usually some excess 
oxygen. 

§ (27) Cycles of Internal Combustion 
Engines. — The very numerous working cycles 
adopted, or suggested, in actual internal 
combustion engines are conveniently classified 
according to the condition in which the work- 
ing substance receives its heat, thus we have : 

Glass I. — Cycles of combustion at constant 
temperature. 

Class II. — Cycles of combustion at constant 
pressure. 

Class III. — Cycles of combustion at constant 
volume. 

§ (28) Class I. — The Carnot cycle, already 
fully considered, typifies this class ; afl. heat 
received is received at constant temperature T, 
and all heat rejected is rejected at some 
constant lower temperature t. The cycle is 
perfect, and therefore of maximum efficiency 
expressed by (1 — tfT) {vide also equation (32')). 

An indicator diagram drawn to scale for 
an engine working on this cycle with air 
between 300° C. and 700° C. only is shown 

^ Gaseous Explosions Committee, 1st Report, 1908. 


in Fig. 12. Although the maximum pressure 
attained in the case taken is about 525 lbs. per 
sq. in., the mean effective pressure is only about 
11 J lbs. per sq. in., or less than one foily-fifth 
of the maximum pressure. The engine would 
necessarily be designed to safely withstand 
the maximum pressure, and would thus be very 
heavy in relation to its power output. It 



Fig. 12. 


has long been recognised, oving to this and 
other practical drawbacks, that the Carnot 
cycle is quite unsuitable as an actual working 
cycle, though within recent years it-s adoption 
was seriously proposed by Diesel ^ but soon 
abandoned in favour of the now well-known 
constant pressure cycle finally adopted in 
this type of engine. 

§ (29) Class II. “ Constant Pressfwre ” 
Gycl^. — In this class are included the 
American ‘‘ Brajrton ” engine (1873), with 
Simon’s modified design, and also engines 
of the modem highly economical “ Diesel ” 
and “ semi-Diesel ” types. 

The Brayton engine included a compressing 
pump and a working cyUnder. The charge of 
carburetted air, taken in at atmospheric 
pressiue, was first compressed by the pump 
and delivered into a receiver at a pressure 
of some 70 lbs. per sq. in. above atmosphere ; 
from this receiver the working cylinder took 
its charge, the mixture being ignited on 
entering, inflammation of the contents of the 
receiver being prevented by the interposition 
of a fine wire-gauze screen somewhat in the 
maimer of action of the Davy miner’s safety 
lamp. 

During the first portion of the workiag 
stroke the working cylinder thus received its 
mixture in an ignited condition at a pressure 
nearly equal to that in the receiver ; at a 
suitable instant an inlet valve cut off com- 
munication with the receiver, the working 
stroke being then completed by the expansion 
of the fla min g mixture contained in the 
cylinder. At the end of the stroke the exhaust 
valve was opened, and during the return 
stroke the burnt gas was expelled into the 
atmosphere, thus completing the cycle. 

* TU Mationdl Beat Motor, Eng. ed. by Spon. 
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A ■working impulse occurred in every 
revolution, Le. in every alternate stroke, so 
that the Brayton engine worked on what is 
now termed a “ two-stroke ” cycle ; it will 
also be noted that hi this engine the mode of 
ignition adopted increased not the pressure 
but the volume of the "working mixture, the 
pressure in the working cylinder never quite 
equalling that in the receiver. 

The cycle comprised five operations, viz. : 

(а) Charging the pump with carburetted air, 

(б) Compression of the charge into the 
receiver. 

(c) Admitting the (ignited) compressed 
charge to the working cylinder. 

(d) Expanding after cut-off in the working 
cylinder. 

(e) Expelling the burnt gas during the return 
(exhaust) stroke. 

The ideal diagram of such a cycle is drawn 
by supposing no heating or throttling of the 
charge to occur during admission to the 
pump ; no loss of the heat developed during 
compression into the receiver ; no throttling 
of the charge on entering the worldng cylinder ; 
no loss of heat by the flame to the worldng 
cylinder and piston ; no back pressure during 
exhaust; and complete expulsion of all the 
burnt gas at the end of exhaust, wliich implies 
the supposition of no clearance in the working 
cylinder. 

Though these conditions cannot be actually 
attained, they may be approximated to by 
skilled design. 

The ideal diagram of the Brayton type of 
engine will therefore have the form shown in 
Mg, 13, and it is convenient to exhibit the 



For 11b. of Air between V Olume in Cu.Ft. 
m°qnd 2000°C.fAbs,) 

Pie. 13. 

diagrams of tlie pump and of the working 
cylinder superposed. 

AB represents tlie volume of the jmmp, 
AE that of the working cylinder ; the oarbu- 
rotted charge is drawn in by the pump at 
atmospheric pressure AB, and compressed 
adia])atically along BC to the receiver pressure 
of about 70 lbs. ])or sq. in. above atmosphere, 
and then forced into tho receiver at this 
pressure as indicated by tlio line CD. 

Erom the receiver it enters the working 


cylinder at this pressure as indicated by DE, 
the snpj)ly being cut off at E ; thence tlio 
expansion is adiabatic, and it is first sui^poscd 
that this expansion is continued until the 
pressure has fallen to that of the atmosphere, 
at E. During the return stroke the burnt 
products are exhausted as indicated by the 
line EA, and the cycle is then complete. 

The area ABCDA represents tho work done 
by the compressing pump on tho working 
mixture, while the area DFEAD represents 
the work done by tho mixture upon the 
working piston. The difference, represented 
by the area BCFEB, accordingly represents 
the useful work done by the engine per cycle. 

The notation ardopted is shown in Fig. 13 ; 
the heat suj^plied is that corresponding to the 
hne CF, during which tho working mixture 
increases its volume at constant pressure, 
from to Uj,, and is accordingly expressed by 

H=^^(T-y, . . . (43) 
while the heat rejected is that during the 
constant pressure exhaust period EB (regarded 
as compression at constant pressure), from 
volume to volume and is accordingly 
given by 

h=Jcj,{’T' — to), • • . (44) 

The efficiency, being the ratio of useful work 
done to heat supplied, is accordiugly H - h/H., 
i.e. (1 - /i/H), which, by equations (43) and 
(44), becomes 

Efiiciency = l-'^,~^^ . . (45) 

But the expansion and compression curves 
being adiabatics, we have by (22) (Property 1) 


and as tho working inixturo obeys the law 
= ? and = 

Vo to Vo to 


and bonce by (40) 

T T' 

— = and 

to to 


to 

to 


T' 

T' 


Accordingly 


T-to^T'-fo 
to to 


i.e. 


^_1” ^o^to 

T~io' to 


Thus, by equation (45) tho efficiency may be 
simply expressed in tho form 


Efiioiency= ^1-™^ =^1-? y . (47) 

Hence when expansion is continued down to 
atmospheric (i.e. pump suction) pressure, tho 
efficiency depends only upon tho degree of 
compression BC. 

The efficiency may also be expressed in 
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terms of the equal ratios of adiabatic volume 
change ; for if p denotes the ratio of adiabatic 
expansion vjv^, so that (1/p) denotes that of 
adiabatic compression (vjvo) (t>y equation (46)), 
then by equation (22) we have 

\to «o) Kp) ’ 

whence, by (47), 

Efficiency = 1 - ^ . (48) 

which expresses the efficiency in terms of the 
compression ratio alone, and has the same 
form as for a Carnot cycle. It will be observed 
that the cycle is imperfect, as the efficiency 
1 - T'/T is necessarily always less than 1 - tJT. 

§ ( 30 ) Class II. {coTitinued). — ^Actually, it 
was found to be impracticable to continue the 
expansion so far that the pressure at release 


Diagram of Brayiion'Engirie 

0(p .V .t ) Incomplete Expansion 

Compare Fig. 24' 
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E had fallen to atmospheric, and accordingly 
the ideal practicable indicator diagram would 
be as shown in Fig, 14. The efficiency is 
clearly less than in the case illustrated by 
Fig, 13, as, although the heat received remains 
unchanged, the useful work done per cycle 
is now reduced by an amount represented 
by the “ toe ” of the diagram HEK. As 
before, the efficiency is expressed by l-TifB., 
where H = ^j,(T - tf). The total heat rejected, 
h, is, however, now the sum of that rejected 
during the constant volume period HK, and 
that rejected during the constant pressure 
period KB ,* thus, now 

- TO + - to), . (49) 

and accordingly (as y — hjlcf), the efficiency 
is given by 

, 50 , 

This expression does not admit of simplifica- 
tion in terms of the temperatures. 

We may thermodynamically consider that 
all the action takes place in a closed working 
cylinder being the clearance volume 

initially filled with a charge of mixture at 
pressure and temperature t^, the volume 
swept through by the working piston being 
- Vf.) per stroke. 

Let the total expansion ratio {vjv^) be 


denoted by X ; the expansion ratio at constant 
pressure {vjvf) by <r ; and the adiabatic com- 
pression ratio {vjv^) by 1/p. Then by aid of 
equations (12) and (22) it is easily found that 

T=<,py-\, T' = {Xjp)t„ = 
and t2=py-HQ. Whence, by substitution in 
equation (50), and reduction, we obtain the 
result 

Efficiency = 1- 

§(31) The Diesel Engine. — The other 
important cycle falling within Class II. is that 
of the Diesel engine in its present form. As 
already stated, § (28), Diesel originally proposed 
to use the Carnot cycle, but in a paper read 
before the Paris Congress in 1900 he announced 
the cycle finally adopted after extended experi- 
ment as comprising the following five opera- 
tions performed during four strokes of the 
working piston, the same vessel acting alter- 
nately as compression pump and working 
cylinder (Fig, 15) : 

(1) (1st Stroke). — Suction of air at atmo- 
spheric pressure LK. 

(2) (2nd Stroke). — Adiabatic compression 
of this air, KC. 

(3) (3rd Stroke ; First Portion). — ^Regulated 
admission of the carburetttng agent (liquid 
or gaseous fuel) so as to maintain constant 



For 1 !b. of Air between Volume in Cu,Ft, 

300“ cuut 2000° C. (Aba,) 

FIG. 15. 

pressure during combustion for a portion of 
the working stroke CF. 

(4) (3rd Stroke; Second Portion).— Cut-off 
of fuel supply and adiabatic expansion of the 
heated mixture to the end of the working 
stroke FH. 

(5) (4th Stroke).— Opening of exhaust with 
immediate fall of pressure (and temperature) 
at constant volume HK, and subsequent 
expulsion of the burnt gases into the atmo- 
sphere during the exhaust stroke KL. 

This completes the cycle ; it will be observed 
that one working stroke only occurs in every 
four, and the cycle is accordingly of the 
“ four-stroke ” type. 
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From Fig. 15 it is clear that the areas 
representing work done on the piston are : 

During suction .... +LEd:srM 
During compression . - . — KCMN 

During worHng stroke . . . +MCFHN' 

During exhaust .... — KLMN 


Net useful work per cycle = +CFHKC 


Thermodynamically we may obviously 
consider that the same mass of air is constantly 
enclosed within the working cylinder, this 
being heated at constant pressure during CF, 
and cooled at constant volume during HK. 
Thus, in the ideal case, the heat account is as 
follows : 

Heat received = H = ^p(T — 

Heat rejected — h — — T'). 

W ork done = (H — ^) = — t^) — ^^(Tg — T'). 

And therefore 

Effiaeiioy = l-g = l-^^-^- 


=:i„i 
7 




(52) 


This is immediately deducible from equation 
(50), which is reduced to the Diesel cycle by 
putting % =T'. 

Similarly, referring to equation (51), this 
reduces to the Diesel case by putting X = p ; 
and thus we have for the Diesel cycle : 

Efficiency = ^ (53) 

where 1/p is the ratio of adiabatic compression 
(VcIVg), and er is the ratio of expansion at 
constant pressure {vjvc). 

This case includes also that of the numerous 
so-called “ semi- Diesel ” engines, as, e.g,f of 
the Fetter, Blackstone, Ruston, etc., designs. 

As the constant pressure expansion ratio, 
<r, is reduced towards the value unity, the 
value of the efficiency given by equation (53) 
continually approaches towards the limiting 

value 1 - (1/p)^ 

This conclusion of theory is apparently 
realised in practice. In Diesel engines the 
power is reduced by diminishing the extent 
of the constant pressure expansion, i.e. by 
reducing cr; the following figures from tests 
made by Mr. Ade Clark show the indicated 
thermal efficiencies obtained : 


§ (32) Class III. The “ Coyistant Volume 
Cycle . — In this class is included by far the 
largest number of actual internal combustion 
engines, ranging from the early Lenoir and 
Hugon types to the modem Clerk two-stroke, 
and de Rochas, or Otto, four-stroke designs. 
A very large proportion of the enormous 
number of small internal combustion engines 
of the present day are worked on the Otto 
“four-stroke” cycle, while the Clerk two- 
stroke cycle is extensively adopted in the 
larger types of stationary gas engines. 

The Lenoir Engine . — In the Lenoir gas 
engine (1860) — now completely obsolete on 
account of its very low efficiency — the mode 
of working was evidently inR})ircd by that of 
the ordinary steam engine. During the first 
portion of the stroke the working piston drew 
into the cylinder a charge of coal gas and air 
at atmospheric pressure ; at an arranged point 
a slide valve cut off the supply, and simul- 
taneously the charge within the cylinder was 
ignited, the temperature (and consequently 
the pressure) suddenly rising greatly ; the 
working stroke was then completed by the 
expansion of this mass of heated high-pressure 
gas ; during the return stroke the burnt gases 
were exhausted into the atmosphere, thus 
completing the cycle. 

Further following the steam engine, this 
cycle was caused to occur alternately on each 
side of 'the working piston, thus making the 
engine “ double - acting ” ; thus a working 
impulse was obtained in every stroke. The 


Diagram of Lenoir Engine 
with Complete Expansion 
Compats Fig. 28 



Engine. 

Revolutions 

per 

Minute. 

Indicated Thermal Efficiency at 

i Load. 

i Load. 

2 Load. 

Pull Load. 

80 H.P. Diesel 

160 

•375 

•412 

. . 

'389 

160 H.P. Diesel 

157 

•371 

•427 

•402 

'397 


The Diesel cycle is clearly of the “im- 
perfect ” class. 
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FIO. 16. 

Lenoir engine worked very quietly and 
smoothly, but was abandoned on account of 
its very liigh consumption of gas in favour 
of more economical typos. 

The ideal diagram is shown 
in Fig. 16, wherein it is sup- 
posed that the cylinder has 
no clearance an(l that the 
expansion is carried so far 
that the pressure at the 
end of the stroke is that of 
the atmosphere. The volume 
swept through per stroke by the piston is AE ; 
during the portion AB the carburetted charge 
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is drawn in at atmosplieriG pressure, doing work 
on the piston represented by the area + ABMO. 
At B cut-off occurs, and simultaneously the 
charge is ignited, explosion takes place, and 
the pressure suddenly rises as indicated by BF. 
The heated charge then expands adiabatic- 
ally, along FE, to atmospheric pressure at the 
end of the stroke E, doing a. further amount 
of work on the piston represented by the 
area + MFEN ; at E the exhaust opens, and 
during the return stroke the burnt charge 
is expelled into the atmosphere, negative 
work being done upon the piston represented 
by the area -* EAON ; this completes the cycle. 

The work account is therefore given by 
ABMO + MFEN - EAON or BFEB ; thus the 
useful work done per cycle is represented by 
the area BFEB. 

Thermodynamically the action is regarded 
as taking place in a mass of air (regarded as a 
perfect gas) contained within a closed cylinder 
having a clearance volume AB, and piston 
displacement volume BE. Initially, at B, the 
clearance volume contains air at > 

heat is suddenly communicated, raising the 
pressure, at unchanged volume, to ; 
adiabatic expansion then occurs to E ; and 
during the return stroke heat is abstracted 
from the air at constant pressure from volume 
to volume In this ideal case we have 
therefore 

Heat received = H = — t^). 

Heat rejected = h = t^). 

Useful work done 

Ji 

Efficiency = = kp{T' - QJKiT - 

i.e. Efficiency=l- 7 ^^ — . (54) 

-L — t(y 


This result may be otherwise expressed in three 
.ways ; for by equation (12) (T/io) = (Pc/Po) = H — ^the 
ratio of maximum to atmospheric pressure, while 
{'P'lfo)={Velvo)=p, the ratio of adiabatic expansion. 
Hence (54) may be written 

Efficiency . . (55) 

Again, by equation (22) 

^^^7” lT'=p7- '^T=pyto, 
as T'=pto^ Hence (54) may also be written 


Efficiency = 1 — 7 


py-r 


(56) 


Lastly, as p7=(T/^o), equation (5G) becomes, in 
terms of the ratio of the explosion temperature to 
the initial temperature, 

Efficiericy=l-7®^^^^. . . (57) 

In general it was not found practicable to continue 
the expansion until atmospheric pressure was 
reached, the more usual case being that in which 
the pressure at the end of the stroke exceeded that 
of the atmosphere. The ideal diagram in this case 


is shown in Fig, 17 ; and it is clear that the heat 
received, H, is the same as in the preceding ease, 
viz. H=^:^(T-'/o) ; the heat rejected, h, is, however, 
now the sum of that during the constant volume 
drop HK, and the constant pressure shrinkage KB, 
and thus 

=fc,jj(T2‘“ 'F) ~ /q). 

Hence the efficiency, 1 — A/H, is expressed by 

Efficiency = 1 - 

i.e. Efficiency =I - (Ta" V +7(y- ^o) . _ 

(T— io) 

Denote as before, the ratio of adiabatic expansion 
{Vel%) by p, and fbe ratio of explosion pressure to 


10O- 

D ^^P.o.T) 

O 00- 
'^80- 


\ Diagram of Lenoir Engine 

^70- 


\ with Incomplete Eaepansion 

•S eo_ 


X Compare Fig. 25 

S 80-^ 

£30- 



20-- 

A 

1 E 

.2 10- 
^ oZ 



Oc 

■JO^^ 20 30^ 4^ 5Q SO V 


for 1 lb. of Air between Volume in Cu^Ft, 
300^ and 2000‘‘C.(Abs.) 


Fig. 17. 


atmospheric pressure by 11 . Then T = Hf^ ; T'—ptoi 
and by eqnaiion (22) T,=T(l/p)V-l=n(iyp)T-l«,„ 
Accordingly equation (58) may also be wiittcsn 


Efficiency =1 — 


Tl{llp)y ^■hpiy-l)-y 
H-1 


; (69) 


or again, in terms of the ratio (T/^o) only, 

EfficieDcy=l- ^^^~'’^^^^~ (60) 
{±!to) 1 

when T 3 =T', U{ljp)y’~^=p,a,nd equation (59) then 
reduces to equation (56). Also as 11 ^Hjto^py when 
Ta=T', equation (60) then reduces to equation (57). 
The efficiency is clearly less in this than in the pre- 
ceding case, since, with the same expenditure of heat, 
the useful work area is less by the amount KHE, due 
to the incomplete expansion. 


§ (33) Class III {coiUitiued), (i.) The 
Free Piston Engine. — The Lenoir type of 
engine was superseded by a singular design 
originally proposed by Barsanti and Mattucci 
(1857), but first reudered practicable by Otto 
and Langen in their “ Free Piston Engine ” 
of 1867. This essentially comprised a very 
long vertical cylmder fitted with a heavy 
free piston beneath which a charge of 
carburetted air was exploded, driving the 
piston upwards as a projectile is driven from a 
gun ; the heavy piston acquired considerable 
momentum, and continued its upward motion 
until the working mixture had expanded to 
about six times its original volume and to 
a pressure considerably below that of the 



284 


ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 


atmosphere. During its descent by gravity, 
and excess atmospheric pressure upon its 
upper surface, it engaged with, and drove, 
the crank-shaft through a ratchet and pawl 
device. The engine was excessively noisy 
and mechanically unsatisfactory, but the 
rapid and extended expansion, and subsequent 
slower cooling, of the working mixture 
resulted in a considerably increased efficiency 
compared with earlier types. 

An ideal diagram is shown in Fig. 18 ; 
the charge of carburetted air at atmospheric 
pressure and temperature is drawn into 
the cylinder as indicated by AB, and exploded 
at constant volume % ( = AB), its pressure 
rising to and temperature to T as indicated 
by BF ; the piston immediately rises rapidly, 
the charge expanding adiabaticaUy to E when 
the piston momentarily stops. The downward 
(worldng) stroke now follows under the com- 
bined action of gravity and excess atmospheric 
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pressure, the mixture being compressed 
isothermally from E to B — due to the slowness 
of the working stroke, and finally expelled 
at constant pressure as indicated by BA. 
As before, the useful work done is represented 
by the area BFEB ; clearly also the heat 
supplied, H, is expressed by H = 
wbile the heat rejected, Ti, is given by 
loger, where r is the ratio of isothermal 
compression (vjv ^) ; vide § (18). 


Hence the efficiency = 1 - A = i _ 
i.e. as R=- ^-j,-^^, 

Efflcienoy = l-^^^lji2^. . (gi) 


This may bo further simplified and expressed in 
terms of the ratio (T/^o) only; for by equation ( 22 ) 

^=(TAo), and ( 7 - 1 ) loge r=logc (T/U 
and accordingly eciuation ( 01 ) reduces to 


which expresses the ideal maximum ofiiciency of 
engines of this type. 


(ii.) The Beau de Rochas, or Otto, and 
the Clerk Cycles. — Finally there remain to 
be considered engines worldng upon the 
Beau de Rochas, or Otto, “ four - stroke,” 
and the Clerk “ two - stroke ” cycles, which 
may be considered to include between them 
all internal combustion engines of the present 
day. In aU these engines combustion 
is caused * to occur at constant volume 
with previous compression of the working 
charge. 

§ (34) The Clerk; Cycle. — The first case 
to be taken is that in which — as in the 
Clerk cycle — the engine comprises a com- 
pression pump and separate working cylinder, 
the compressing pump taking in a car- 
buretted charge at atmospheric pressure and 
temperature and compressing this either 
directly into the combustion chamber of the 
working cylinder, or into an intermediate 
! receiver from which the worldng cylinder in 
turn takes its compressed charge, which is then 
ignited (exploded) at constant volume, and 
performs the worldng stroke by its subsequent 
expansion. 

Six separate operations may be bore dis- 
tinguiabed, viz. ; 

(1) Pump suction — Charging the pump 
with carburetted air. 

(2) Pump Compression — Compressing the 
charge into the receiver, or combustion 
chamber of worldng cylinder. 

(3) Supply of compressed charge from 
receiver to working cylinder, when rcooivor 
is included. 

(4) Explosion of charge at constant volume 
in working cyhnder. 

(5) Expansion of ex];)lodcd cl large during 
working strolce. 

(6) Expulsion of exhaust gases at the end 
of the working stroke. 

In considering an ideal diagram for this 
case the following assumptions are made : 

(1) That the charge is compressed adia- 
batically. 

(2) That none of the heat of compression 
is lost in the receiver. 

(3) That the charge is neither heated nor 
cooled on entering the combustion chamber of 
the working cylinder. 

(4) That the explosion occurs instantane- 
ously, and without any loss of heat to the 
walls of the combustion chamber. 

(5) That the expansion during the working 
stroke is adiabatic, i.e. that no lioat exchange 
takes place with the cylinder walls, or piston 
crown, during expansion. 

(6) That there are no losses by throttling 
or back pressure. 

An ideal diagram embodying these assump- 
tions is shown in Fig. 19, wherein it is also 
supposed that the expansion is continued so 
far that the pressure has fallen to that of 
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the atmosphere — a condition not practi- 
cally attainable, and also that the "working 
cylinder has no clearance; thus the pump 
volume is AB, and the working cylinder 
volume AE. 

During the pump suction stroke a volume of 
carburetted air is taken in at atmospheric 
pressure and temperature represented by AB, 
doing work + OABK upon the pump piston. 



This is next compressed adiabatically along 
BO and delivered into the receiver at the 
constant pressure along CQ ; thus the 
pump diagram is - OKBCQO. 

The charge next enters the cylinder along 
QC, doing work +OQCM upon the working 
piston, and is then exploded at constant 
volume 'Cq, the pressure instantly rising as 
indicated by CF, with subsequent adiabatic 
expansion FE, to atmospheric pressure at E, 
doing work upon the piston represented by 
+ MFENM. At E the exhaust opens and the 
burnt gases are expelled at atmospheric pres- 
sure Po, doing work represented by - EAOK ; 
this completes the cycle. 

The work account is therefore 

-f OABK - OKBCQO + OQCM 

+ MFEM - EAON = + BCFEB, 

and thus the useful work done per cycle is 
represented by the enclosed area BCFEB. 

Thermodynamically the whole action may 
be conceived as taking place in a closed 
cylinder of clearance volume AL, LE being 
the volume swept through by the piston. 
Commencing at the point G, heat H is added 
to the charge to an amount given by the equa- 
tion H = il^(T - 1 ^) ; during expansion there is 
no communication of heat; during exhaust 
from E to B heat, A, is rejected, given by 
A=Aj,(T'-y ; while during compression BC 
there is no communication of heat. 

Hence the efficiency, 1-A/H, is expressed 

mciency=l-^^) = l-7j'£^. (63) 

The efficiency may also be expressed in terms 


of T, to, and the ratio of adiabatic compression 
Ij p={Vc!vo)> For, by equation (22), 




and 

But also 


T 


-© 


y-\ 


T. 


whence 


Thus (63) may be written 

/1\ l-l/y/TX 

Efficiency = 1 — y— ^~ - 


© 


(64) 


As P=(<c/(.)1/t- 1, and r=(?„/p)Y-l/VTV7, it 
follows that 




’T\ 1/r 


(05) 


which expresses the relation between the temperatures 
at the four corners of the diagram. 

If, as in previous cases, the total expansion ratio 
b« denoted by X, then 


T=(^)'^ V=X^~Vi 
-(?)- 


whence 
Hence, as 


T = 

tc — py ^toi 


we have, on substituting in equation (63) andreducing, 
the expression for the efficiency in terms of the total 
expan s ion and adiabatic compression ratios alone. 


EffloieDc:y = l- . (66) 
\pj (X/p)V-l 


As p approaches X in value this expression continxially 
approximates to 1 — (l/p)^”" ^ as a limiting value. 

§ (35) The Cubbh Cycjle with Ikcomplete 
Expajtsion. — ^Actually it has not been found 
practicable to continue the expansion so far 
that the pressure falls "to that of the atmo- 
sphere ; the next case for consideration, 
therefore, is that in which the pressure at 
the end of expansion exceeds that of the 
atmosphere. 

An ideal diagram is shown in Fig. 20 ; 
as before, the heat supplied is H=A„(T-y, 
while the heat rejected is now given by 


Hence the efficiency, 1 - A/H, is given by 


Efficiency =1 


(T,-T')+y(T'-to) 

T-fc 


(67) 


AsTa=T(l/Xjy-l, andT'=(X/p)(„, 
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we have on substitution and rearrangement 
from equation (67) 


Efficiency = 1 


(m)Xi-y+(7-i)(X/p)-7 

(T/y-py-i 

( 68 ) 


when T 2 =T', (T/<„)=X^/p, and (68) then re- 
duces to the previous case, viz. equation (66). 


p 



.F 

^300- 

<i,200- 

a 

<0 

to 


\ . Clerk Cycle Diagram 

\ Incomplete Expansion 

\ Compare Fig. 28 

100- 

Q. 

to 

^ 0- 


C V 

■’ r— ^-T 1 \ 


10 20*^ SO 40 ^ 

For 7/6. of Air between Volume in Ou.Ft, 

300° and 2000° C. (AJja,) 


Pig. 20. 


§ (36) The Beau ue Rochas, or Otto, 
Cycle. — ^The last and most important of 
all cycles of internal combustion engines 
is the “constant volume” cycle first pro- 
posed by Beau de Rochas in 1862, and 
practically realised by Dr. Otto in his 
famous “ Otto Silent ” “ gas ■ engine ” of 
1876. 

In this cycle there is no separate compressing 
pump, its function being discharged by the 
working cylinder itself. The sequence of 
operations is as follows, “ stroke ” referring 
to that of the working piston : 

(1) Suction of carburetted charge of air 
during the whole of the first out-stroke. 

(2) Compression of the charge into the 
combustion chamber of the cylinder during 
the whole of the first in-stroke. 

(3) Explosion of charge at end of first 
in- stroke. 

(4) Expansion of heated charge during the 
whole of the second out-stroke ; this is the 
“ working stroke.” 

(5) Exhaust of the burnt gases into the 
atmosphere during the whole of the second 
in-stroke. 

Thus the cycle requires for its per- 
formance four consecutive strokes of the 
working piston, whence the term “ four- 
stroke ” cycle ; and only one working impulse 
is obtained for each two revolutions of the 
crank-shaft. 

An ideal diagram is shown in Fit/. 21. 
During the first out-stroke the piston draws in 
the charge at atmospheric pressure, along LK, 
work being done on the piston represented by 
the area + MLKN. During the return stroke 
the volume AK is adiabatically compressed 
along KC to QC, the work done being repre- 
sented by - NKCMN. 


Explosion is caused to occur at C, and the 
pressure instantly rises, at constant volume, 
as indicated by CG ; during the second 
out-stroke the heated gases expand adiabatic- 
ally along EH, doing work on the piston repre- 
sented by -hMFHNM, and at H the exhaust 
is opened to the atmosphere causing instant 
drop of pressure at constant volume HK. 
During the second in-stroke the burnt gases are 
expelled along KL into the atmosphere, 
work being done represented by - NKLM ; 
this completes the cycle. The work account 
is therefore 

MLKN - NKCMN -f- MFHNM 

-NKLM= + CFHKC; 

thus CFHKC represents the useful work done 
per cycle. 

Thermodynamically the action may be 
conceived as taking place in the same mass of 
air always enclosed in the working cylinder, 
and subjected to the operations indicated by 
KC, CF, EH, and HK ; thus the heat received 
is H = ^^,(T-ig); while the heat rejected is- 
^=^^(T 2 -y. Hence the efficiency, l-Z^./H, 
is given by the equation 

Efficiency = 1 . . (69) 

x — to 

This may bo simplified and expressed in two other 
important ways. Eor by equation (12) and § (22) 



Prop. 2, wo have T!jto = Pel'Po = P/Po ==■ T//c. 
Hence toj tc = and also Tg - io /T tojl c Tg/T. 

Accordingly 


Efficiency * 1 



(70) 


and thus in this cycle the offioicncy dopciulH, in the 
ideal ease, only upon the ratio of tho absolute 
temperatures at the beginning and end of compreMion^ 
and is independent of the explosion toniporaturc. 
Obviously (70) may also be written 


Efficiency =« l _ (Tg/T), 

which expresses it in terms of tho ratio of absoluto 
temperatures at the beginning and end of expan- 
sion ; it is obvious that the cycle is “ Imperfect.” 
The second important simplification of (69) is 
the expression for tho efficiency in terms of the 
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(adiabatic) ratio of compression (3/p), 
by equation (22) 



-1 




© 


hence by (70) 


Efficiency =1- 


© 


y-1 


We have 


. (71) 


showing that in the ideal Otto cycle the efficiency 
depends upon the compression ratio alone. 

§ (37) EFFiciENcy Formtjlae. — On compar- 
ing equations (32'), (48), and (71) the interest- 
ing fact emerges (first pointed out by Callendar) 
that in the three typical ideal cycles of constant 
temperature, constant pressure, and constant 
volume, the efficiency is expressed by the 
same formula, viz. 

Efficiency = 1- , . (71) 

where (1/p) is the ratio of adiabatic compres- 
sion, and is thus the same, for the same value 
of p, in all three cases. 

It must be remembered, however, that in 
the constant temperature (Carnot) cycle the 
adiabatic compression raises the temperature 
of the working substance through the whole 
range from the lowest to the highest between 
which the engine works, whence in this case 
the value of the efficiency is an absolute 
maximum, as has been shown. In the other 
two cases the adiabatic compression does not 
raise the substance from the lowest to the 
highest temperature, and the expression for 
the efficiency has a value necessarily less than 
in the Carnot case, though a maximum in 
each case for the particular cycle considered ; 
these are, therefore, “ imperfect ” cycles in 
the sense as explained in § (2) supra. 

In the constant temperature cycle all heat 
is received and rejected at constant tempera- 
ture ; in the cycles of constant pressure and 
constant volume heat is received at rising, 
and rejected at falling, temperature ; also in 
the Carnot and Brayton cycles the expansion 
is “ complete,” which is not the case in the 
Otto cycle. Examination of equations (51), 
(53), and (66) shows the manner in which the 
value of the efficiency is further diminished by 
changes in the cycles imposed by practical 
considerations. 

§ (38) Temfera-TUee - entropy Diagrams 
OP Typical Cycles. — In Figs. 22-29 are 
shown T - 0 diagrams for the typical cycles 
of Classes I., II., and HI., together with 
actual numerical values of maximum efficiency 
for uniform upper and lower absolute tem- 
perature limits assumed at 2060° C. and 
300° C. respectively. Fig. 22 shows the T ~ 0 
diagram for the constant temperature Carnot 
cycle ; as already pointed out {vide Fig. 6 and 
text) this takes the form of a rectangle, and 
the efficiency — which is independent of the 


breadth of the rectangle — ^is here an absolute 
maximum in value of 1 - 300/2000 = 0*85. 

§ (39) The Brayton Engine. — Fig. 23 
shows the T-^ diagram of the constant 
pressure cycle of the Brayton engine, with 
complete expansion, as described in § (29) and 
Fig. 13. ' The entropy along the adiabatic 


T-^ Diagram for" Constant TemprfCamof) Cycle 
T I Compare Figs. 9 Si, 12 

2000-1 , 2 

Isothermal Expansion at T 


®1500H 


SilOOO- 

5 


S 

SA 


T=2000°C.: f=30C'‘C.(Abs.J 
Effloiencg^^^O-SS y 


Isothermal Compression at 


I ' I ' 1 ‘ I ^ 

+ 0-1 +0 2 +0-3 +0-4- 9 

Entropy from <p^ 

Fig. 22. 


compression is taken as an arbitrary zero : 
thus on any vertical, as hll in Fig. 23, take 
the point B at the 300° C. level. Then, by 
aid of equation (21), ^c = (Pc/Po)7” ^^7, and 
taking per sq. in. and p^ — 14*7 lbs. 

per sq. in., determines ig=468° C. ; this gives 
the point C on MI and thus determines BC, 
the isentropic corresponding to the adiabatic 
compression of Fig. 13. Through C draw the 
curve whose equation is 0 = loge (i/ij (see 
equation (38)), and let this cut a horizontal 


7-0 Diagram of ‘Constant Pressure' '(Brayton) Cycle 
■with Complete Expansion, Compare Fig. 13 



through 2000° 0. in F ; then OF on Fig. 23 re- 
presents the constant pressure expansion line 
of Fig. 13. Through F draw a vertical meeting 
the curve loge (i/^o) ^ ^ 

the isentropic corresponding to the adiabatic 
expansion hne in Fig. 13, while the curve EB 
represents the constant pressure compression 
of Fig. 13. 

Agreeably with equation (10) (see also Fig. 5) 
the efficiency in this case is expressed by the 
ratio Area BCFE/Axea MCFN, which, by direct 
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planimetric measurement — as may be verified 
^y calculation from equation (45) — has here 
the value 0-36. 

The corresponding Carnot engine would take 
in heat hllFN, and reject heat N3BM, with 
corresponding efficiency of 0-85. The Brayton 
engine takes in the smaller quantity of heat 
IRICEN and rejects the larger quantity NEBM, 
with resultant reduction in the value of its 
efficiency to 0-36. 

§ (40) The Brayton Engine with Incom- 
plete Expansion. — Fig, 24 shows the T-0 
diagram of the Brayton engine with incomplete 


T-^ Diagram of “Constant Pressure”<BraytoQ) Cycle 
with Incomplete Expansion. Compare Fig. 14- 



expansion, as shown in the pv diagram, Fig, 
14. The temperature Tg at release H is taken 
as 1450° C., and the drop of pressure HK at 
constant volume in Fig. 14 is represented on 
the T-0 diagram by the curved line HK 
calculated from the equation loge (TJt). 

Fig. 24 differs from Fig. 23 only in the 
useful heat area being reduced by the amount 
EHK, which thus represents, in this case, the 
loss caused by incomplete expansion, and 
reduces the efficiency from 0*36 to 0-33. 

§(41) The Diesel Engine. — The T~<p 
diagram of the Diesel engine is given in 

Diagram for"Constant Pressure” (Diesel) Cycle 
T I Compare Fig. 75 


is assumed at the value usual in practice, 
viz. 500 lbs. per sq. in., and T = 2000° C. 

Then by equation (21) 

to = {PclFo)^-VyxT = 83^°G.; 
thus the points K and C may be determined, 
and KC on Fig. 25 is then the isentropic 
corresponding to the adiabatic compression of 
Fig. 15. 

Through C the curve = loge {t/Q is 
next dra\m, cutting a horizontal through 
2000° C. at F, while through K the curve 
loge (t/T') is drawn cutting a vertical 
through F in H. Then FH is the isentropic 
corresponding to the adiabatic expansion, and 
HK corresponds to the constant volume 
pressure drop at release of Fig. 15. 

For the efficiency in tliis case, cither by cal- 
culation from equation (52) or by direct measure- 
ment from the diagram of the ratio, wo have for 
the Area KCFHK/Area MGFNM the value 0*55. 

§ (42) The Lenoir Engine.— In Fig. 26 is 
shown the T - 0 diagram of the now entirely 
obsolete Class III. Lenoir engine, with com- 
plete expansion, whose pv diagram is shown 
in Fig. 16. The diagram is constructed by 
taking the point B at 300° C. on any vertical 
and drawing through this point the curve 
loge (%) cutting a horizontal through 
2000° C. in F ; thus BF represents the 

r-0 Diagram for "Constant Volume”(Lenoir) Cycle 




Fig. 25. Initially (see Fig. 15) T' = 300°C., 
= atmospheric pressure (14*7 lbs.), while p^ 


constant volume pressure increase due to the 
explosion {Fig. 16). Through F draw a 
vertical, and through B draw the curve 
0 = ^ 3 ) loge {tl%) meeting this vertical in E; 
then the isentropic FE corresponds to the 
period of adiabatic expansion, and the curve 
EB to the constant pressure compression of 
Fig. 16 ; the point E obviously gives the 
temperature T^, here 1162° C., as may be 
verified by direct calculation. 


Efficiency = 


Area BFE 
Area MBFNM 


= 0*29, 


as may also he determined by equation (54). 

The dotted line HK on Fig. 26 is the 
modification in the T - 0 diagram due to 
incomplete expansion (compare Fig. 17), the 
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temperature at release H is assumed at 
1400° C., and the curve HK is plotted from the 
equation 0 = 1*1, logg (1400/i) -where 0 is the 
defect of entropy below tha-t of H, viz. 0*321. 
The efficiency, being the value of the ratio 
Area BFHKB/Area MBFNM, is now reduced 
to 0*25, 

§ (43) Free Piston Engine. — The ideal 
T“0 diagram of the Otto and Langen free 
piston engine is shown in Fig. 27, with which 
Fig. 18 may be compared. The initial point 
is B at 300° C. and the explosion raises 
the temperature, at constant volume, to 2000° 
C. ; this is represented on the diagram by 
the curve BF, plotted from the equation 
<p = ky loge cutting a horizontal through 

2000° C. in F. The vertical FE is the isen- 
tropic corresponding to the subsequent adia- 
batic expansion during the rise of the heavy- 
free piston, while the horizontal line EB 
represents the isothermal compression of 
the gases during the working down-stroke. 
The efficiency, either by direct measurement 


T-ip Diagram of “Constant Volume”(FreePiston)Engme 



EB represents the operation of compression at 
constant pressure. 

When the expansion is incomplete, assuming 
that at release the temperat-ure is 1000° C., 
the curve HK, plotted from the equation 

T=20O0'‘c. : t =300^0. (Abs.) 

Efftcienyj:- 

BCFBB 

With Complete 



0*235 - 0 = I'„ logg (1000/0, is the T-0 line 
corresponding to the pressure drop at release, 
vith corresponding loss of useful work-heat 
represented by the area EHK. 

By measurement from the diagram of the 
ratio Area BCFEB/Area MCFNM, or by calcu- 
lation from equation (63), the efficiency with the 
data assumed, when -the expansion is complete, 
will be fo-und to have the value 0*52. In the 
case, as taken, of incomplete expansion, the 
efficiency is reduced in value to 0*48. 

§ (45) Otto Engine.— In Fig. 29 is shown 
the T-0 diagram of the “Otto” or “Beau 
de Rochas ” cycle, of which the pv diagram 


from the diagram of the value of the ratio 
Area BFEB/Area MBFNiVI, or by calculation 
from equation (62), has here the relatively high 
value 0*66 ; comparison -with the previous 
diagram {Fig. 26) clearly shows the maimer in 
which the efficiency is increased in value as a 
result of the compression being isothermal 
instead of at constant pressure. 

§ (44) Clerk Engine. — ^The T - 0 diagram 
for the Clerk constant- volume cycle, both with 
complete and incomplete expansion, is shown 
in Fig. 28 ; compare Fig,^. 19 and 20. The 
initial point B is at 300° C. and the compression 
temperature is assumed at 500° C. ; thus 
BC is the isentropic of adiabatic compression. 

The curve CF representing rise of tem- 
perature at cons-tant volume (z.e. explosion) 
is next plotted from the adiabatic ^nation 
<p = Jc^ loge (i/500), and by its intersection with 
a horizontal through 2000° C. determines 
F ; a vertical through F then meets the 
curve 0 = 1-^ loge (i/300) at E, and FE is then 
the isentropic of adiabatic expansion, while 


T-^ Diagram of “Constant Voluine”(Otto) Cycle 



is given in Fig. 21. As before, the imtial 
point K is taken, on. any vertical, at 300° C. ; 
the -temperature of compression, is assumed 
at 600° C. ; hence the vertical line KC is the 
isentropic of adiabatic compression. 

From C the curve 0 = (i/600) is imxt 

plotted, cutting a horizontal through 2000° C. 

V 


VOL. I 
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ia F ; then the curve GF represents the 
increase of entropy during the explosion. 
Through F a vertical is drawn intersecting the 
curve (p = k^ loge {tjSQO) in H ; then FH is the 
isentropic of adiabatic expansion, and the 
curve HK corresponds to the drop of pressure 
at constant volume which occurs at release. 

The efficiency, either by direct measurement 
of the ratio Area KCFHK/Area MCFNM, or by 
calculation from eq[uation (70) has here the 
value 0*5. 

§ (46) Ideal Efficiencies. — Hence for a 
temperature range from 2000° C. (abs.) to 
300° C., and with the other data assumed in 
the foregoing paragraphs, the maxima ideal 
efficiencies in the several cases considered 
have the following values : 

Camot (constant temperature) . . . .0*85 

Otto and Langen free piston (constant volume) 0*06 

Diesel (constant pressure) 0-55 

Clerk (constant volume), with complete 

expansion 0-52 

Clerk (constant volume), with incomplete 

expansion 0-48 

Otto (constant volume) 0-50 

Brayton (constant pressure), with complete 

expansion 0*30 

Brayton (constant pressure), with incomplete 

expansion 0*33 

Lenoir (constant volume), with complete 

expansion 0-29 

Lenoir (constant volume), with incomplete 

expansion 0*25 

§ (47) Practical Considerations. — Thus 
the efficiency of the Camot “ Perfect ” cycle is 
substantially greater than that of any of the 
others, while the Otto and Langen engine has 
an efficiency — when isothermal compression 
is realised — second only to that of the Carnot. 

For the purposes of practical power produc- 
tion, however, it is not enough that a cycle 
should be of high ideal efficiency ; in order that 
an engine may be practicable it is necessary, 
inter alia, (1) that its cycle can be effectively 
performed in a very short time, and (2) that 
the ratio of mean effective pressure to maxi- 
mum pressure shall be as high as possible. 
If (1) cannot be attained the engine can 
only run slowly, and is thus bulky and weighty 
in relation to the power developed by it. If 
(2) is not realised, then since the engine must 
be designed to withstand the maximum 
pressure developed it is necessarily weighty and 
costly relatively to its powder output. 

These two conditions have, so far, practically 
excluded all but the Otto, Diesel, and Clerk 
cycles, and it is of interest to determine in 
the several cases of § (46), the values of the 
maximum pressure, the mean effective pres- 
sure, and the ratio of tliese. 

The mean effective pressure, is the 
average height of the closed figure on the 
diagram representing the useful work U 
(ft. -lbs.) done per cycle; if be in lbs. per 


sq. in., and if V be the greatest, and the 
least, volume (in cub. ft.) of the worldng 
substance, then 

y’'‘ = 144(V-« ) ■ 02) 

The maximum pressure developed will be 
denoted by P, and in each case it is considered 
that the engine uses 1 lb. of air, initially at 
atmospheric pressure of 14*7 lbs. per sq. in. 
and tempei’ature ^=^90° C. (abs.), whence, 
by equation (120, its volume r^ = 13-6 cub. ft. 

§ (48) Maximum Pressures. The Carnot 
Cycle ; Value of p,„/P. — The calculation here 
is conveniently conducted as follows : As 
T-=: 2000 ° C. and ^^ = 300° C. w’o have, by equa- 
tion (32), for the value of the adiabatic ratios 
p = (2000/300)2-45 = 104 . 3 ( 3 ; thus the ratios 
of adiabatic expansion and compression must 
necessarily each have the enormously large 
value 104-36. The isothermal ratio r is 
arbitrary ; if it be assumed as 2 , then, by equa- 
tion (30), the total expansion ratio becomes 
X=2 X 104-36 =208-7, a value, it is needless to 
point out, entirely out of the question in any 
actual engine. 

The maximum pressure P is obtained by 
aid of equation (12) and is given by 

P=(T)xj;„= (5). 208-7x 1.^7 

= about 20,450 lbs. per sq. in., 

or roundly 1400 atmospheres. 

Again, by equation (72), 

u c(T-l)]og,r 

■■ J 44 V( 1 - ( l/X)) “ 144V(1 - ( 1/X)) 

(vide equation (12^)) ; thus 
96 X 1700 X log, 2 
144x13-6 x0-005“''’*^ 

SO that the ratio of moan elective to maximum 
pressure is only 58/20,450, or about l/353r(l part. 

Any such maximum pressure as 20,450 lbs. 
per sq. in. is of course entirely impossible in 
practice, and it will also bo observed that 
the mean effective pressure is only a small 
fraction of the maximum pressure. The cycle 
is entirely impracticable. 

The design of an engine is dominated by the 
maximum pressure to be provided against ; 
if we take this at the value adopted in the 
modem Diesel engine, viz. about 500 lbs. per 
sq. in., and also if the upper temperature 
limit be assumed at the low value of only 
800° C. we shall have X = 13*95, p = 11*06, 
r = l*26, and per sq. in. Thus 

even here the mean effective pressure is only 
l/82nd of the maximum pressure, and has 
the trifling value of only about 6 lbs. per sq. in. 
when the Camot cycle is taken. 

§ (49) The Otto and Lano kn “ Free 
Piston” Cycle; Ratio of pJP. — See 
§ (33) and Figs. 18 and 27. Here T = 2000° C., 
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pc 

Ve 

Pe 

r 

U 

Pm 


= 98 lbs. sq.in., 

= 14194 cub. ft. ; 
= 0*14 Ibs./sq. in., 
= 104*4, 

= 268,420 ffc.-lbs.; 
= l-3261bs./sq.in., 


iVi/P = l/74th. 


J„ = 300“ C. (abs.), ^>. = 14■7 lbs. per sq. in., 
and i)„ = 13-6 cub. ft. 

The remaining quantities may be thus 
evaluated : 

pcjpo =(T/?o) gives 

PcVo^=PeVe'^, and poVo=peVe gives 
and also 
r=Vefvo gives 

U = JAri<T - to) - cto log^ r gives 
then by Eq. (72) 
and pm/P —pnilpc gives 

Th-Us the ideal cycle in this case requires 
a total expansion of 104-4 times the initial 
volume, and gives a mean effective pressure 
of only 1-326 lb. per sq. in., which is but 
l/74th of the maximum pressure developed. 

Moreover, in order to approximate even 
roughly to isothermal compression on the 
return stroke, it was necessary to run these 
free piston engines very slowly, and they were 
in consequence exceedingly cumbrous and 
furnished but a trifling power relatively to 
their bulk and weight, notwithstanding their 
high theoretical efficiency. 

A series of tests made by Clerk in 1885 on a 
2-h.p. engine with a cylinder 12^ in, in 
diameter showed that the maximum stroke 
was 404 in., and i.h.p. 2-9, with 28 explosions 
per minute, corresponding to a mean effective 
pressure of lbs, per sq. in. ; the total 
expansion ratio attained was, however, only 
about 6. 

The b.h.p. was 2-0, and the mechanical 
efficiency therefore 70 per cent. The con- 
sumption of coal gas was 24-6 cub. ft. per 
i.h.p. hour, corresponding to an (indicat^) 
thermal efficiency of 0-11. Even this con- 
sumption, however, marked a notable improve- 
ment upon the results obtained with the earlier 
Lenoir and Hugon engines ; the largest engine 
made of this very noisy free piston type was 
only of 3 h.p. 

§ (50) The Diesel Cycjle ; Ratio of 
—See § (41) and Fig. 15. Here 

;Po = 14-7 lbs. per sq. in., 
u« = 13-6 cub. ft., 

T' = 300° a (abs.), 

^?c=500 lbs. per sq. in ; 

.-. vc= (|2)^\ = M12 oub. ft., 

- = li^f^?=833' 





144p< 


C. (aba.), 
C. (abs.), 

= 2-67 cub. ft.. 


v="-->=2-4, 

p=-'=12-23, 


and 


- © 


y-\ 


T = 1043° C. (abs.). 


Hence(Wde§(31)),asU = A*,(T - y - TO, 
we have U = 151-67 C.Th.E. of useful work, 
and therefore, by equation (72), 

^ 151-67x 1400 

^^^‘1 44x 12-488 

Thus the mean effective pressure has here 
the high value 118 Ihs. per sq. in., and 
Pmf^ ~ I a very great advance on previous 
figures. In actual practice mean effective 
pressures of 100 to 115 lbs. per sq. in. are 
ordinarily realised, with an average (indicated) 
thermal efficiency of 0-4, and revolution 
speed, in stationary types, of 200 per minute. 
The Diesel cycle thus satisfies the require- 
ments of actual practice very fully. 

§ (51) The Beau de Rochas, or Otto 
Cycle ; Ratio of pJF.—See §§ (36) and (45) 
and Figs. 21 and 29. Here also 

Po=14-7 lbs. per sq. in. (abs.), 
re = 13-G cub. ft., 
io = 300° C. (abs.). 

^cis assumed at 600° C. (abs .) ; 


whence 




y-l 


i’g= 2-489 cub. ft.. 


and 


^ 2-489 


96<, 


= 160*7 lbs. per sq. in. (abs.), 

T 

R = 7-??c= 535-7 lbs. per sq. in. (abs.), 
T=2000° C. (abs.)., 

Tj = ?i„=1000“ C. (abs.), 

«c 

96T 

and -^*“ 1441 ^ lbs. per sq. in. 

The useful work done is given by the equation 
U = -tcjl)- - ^o) = 1 18*23 C.Th.U. 

whence, by equation (72), 


Prr 


1400x 118-23 ..os IK 


and the ratio ftie value 1/4-84, 

which is of the same order as that obtained 
in the case of the Diesel cycle. 

§ (52) The Const a2?t -pressure “ Beat- 
ton” Cycle; Value of Etc. — See §§ 

29, 30, and 39 and Figs. 14 and 23 ; this 
cycle is practically perfected in the modem 
Diesel engine, hnt it is of interest to evaluate 
as its ratio to P was, both in theory and 
practice, very high. As illustrated in Figs. 
14 and 23 we have here 

^>0 = 14 - 7 , 

2^0 = 13-6, 

^,=300° a, 

JPc = 70; 
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whence, by equation (21), 

a, 

and therefore 

96 ^ tfj A 1- ifj. 

= m =4-4:7 cub. ft. 

144x;pc 

T 

Again, 'i^3, = r'«Jc = 19‘05 cub. ft., 

and thus o-=4-26 [vide equation 51). 

Tg is assumed at 1450° C., whence, by equation 
(22), 'yg = 41-9 cub. ft., so that the total expan- 
sion ratio X = 9-4. 


96 

'144 X v ^ 


= 23-2 lbs. per sq. in.. 


and 


T' = -%=925° C. 


1 .). 


Hence, from § (.30), U = 126-74 C.Th.U. of 
useful work, and accordingly, by equation (72), 
126*74x1400 
' ift X 37.43 ' = 


The effectiv'e maximum pressure is (P - 14-7) 
lbs. per sq. in. =55*3, which is only 1-68 
times — a very satisfactory feature of the 
cycle. 

A test of a Brayton petroleum engine of 
about 4 b.h.p., made by Gerk in 1878, 
showed a maximum pressure *in the work- 
ing cylinder of 47 lbs. per sq. in., a mean 
effective pressure of 30-2 lbs. per sq. in., 
and a consumption of petroleum of 2-75 lbs. 
per b.h.p. hour, corresponding to the very 
low brake thermal efficiency of only 0-047. 


Tg is assumed at 1400° 0. (abs.)., and there, 
fore, by equation (22), ^^ = 32-6 cub. ft. ; then 
96x 1400 00/3 11. • /I X 

144x32-6 ^^^'^ 

and T' = -% = 71S'’C. (abs.). 

Vo 

Hence 

U = Z: JT - Q - - TO - K[T - %) 

= 72-67 C.Th.U. of useful work. 


In this case, as the stroke of the piston is AK, 
we have to write 


i?7n=- 


1 400 X 72*6 7 
144 X Ve 


= 21-7 lbs. per sq. in. 


Thus the ratio of to the maximum effective 
pressure of (98 - 14-7) lbs. per sq. in. has here 
the satisfactory value 1/3-84 ; the engine 
failed commercially, however, on account of 
its exceedingly great consumption of fuel 
Not only is the theoretical efficiency of the 
cycle low, but even this low efficiency was not 
nearly attained in practice. The engines were 
built in sizes of from one-half to throe horse- 
power. An experiment by Tresca on a one- 
half horse -power engine showed a consumption 
of 95 cub. ft. of (Paris) coal gas per i.h.p. 
hour, which is fully eight times as great as 
that of a modem four-stroke gas engine of 
moderate power. 

§ (54). — Collecting the results obtained in the 
preceding paragraphs for conqiarison, wo have 
the following for typical engines, each using 
1 lb. of air, and working between i/ho absolute 
temperatures 2000° C. and 300° C. ; 


Engine. 

Type of Cycle. 

Theoretical 

Efficiency 

with 

Conditions 

assumed. 

Maximum 

ProsHiiro 

P. 

Lbs./fifl- In. 
Abs. 

Moan 

ProHsuro 

Pm. 

Lbs./fc^q. In. 

liatio of 
pm to 
(P~U-7). 

Carnot . 

Constant temperature 

•85 

20,450 

68 

•0028 

Otto and Langen \ 
free piston * / 

Constant volume 

•66 

98 

1-320 

•010 

Diesel 

Constant pressure 

•65 

500 

118 

•243 

Otto 4-stroke . 

Constant volume 

•60 

536 

103-6 

-200 

Brayton 

Constant pressure 

•33 

70 

33 

•000 

Lenoir 

Constant volume 

1 -26 

98 

21-7 

•200 


* With complete expansion. 


The modem Diesel engine consumes only 
about 0-45 lb. of oil fuel per b.h.p. hour, 
corresponding to a brake thermal efficiency 
of fully 0-30. 

§ (53) The Lenoir Constant Volitmb 
Cycle ; Value of See Wigs. 11 and 26 
and §§ 32 and 42. Here also 

i?o = 14-7, 

?;o = 13-6, 

^, = 300° C., 

T = 2000° a, 

whence ;;o = 98 lbs. per sq. in. (abs.). 


The relative values and advantages of the 
various cycles are very fully discussed by 
Clerk in The Gas, Petrol, and Oil Bngim 
(Longmans), vol. i., 1909. 

§ (55) Losses in Internal Combustion 
Engines. — In all that precedes it has boon 
assumed that the working substance is dry 
air— regarded as a perfect gas — and that the 
conditions are such that each cycle can be 
perfectly carried out. This is impossible in 
actual practice, and is duo mainly to the 
following causes : 

(1) The working gases lose heat to the 
surfaces of the combustion chamber, cylinder 
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and piston, crown during and after explosion 
by radiation and convection. 

(2) The unexploded charge is usually heated 
on entering the cylinder, with consequent 
expansion and reduction of the mass of charge 
exploded. 

(3) In constant-volume cycles the explosion 
is never instantaneous, as assumed in theory. 

(4) The working substance is not dry air, 
but a mixture of nitrogen, carbon dioxide, 
steam, and oxygen, having specific heats 
which are not constant, but increase with 
rise of temperature. 

(5) The working substance is changed in 
volume by combustion, so that the volume 
which is heated and expanded differs from 
that which is compressed when measured at 
the same temperature and pressure. 

(6) Combustion is not complete when 
maximum temperature is attained, and is 
even, in some cases, not complete at release. 

(7) Some throttling or “ wire-drawing ” 
always occurs during admission, and there is 
always some degree of back pressure opposing i 
the exhaust. 

(8) The working gases lose heat to the 
cylinder walls during compression. 

These several sources of loss may be con- 
sidered in some further detail. 

§ (56) Loss OF Heat to Wajjjs dtjeing 
Explosion and Expansion. — The physical 
properties of cast iron, of which the cylinders 
of all internal ■ combustion engines, excepting 
only air-craft engines, are made, renders it 
necessary that they shall be kept cool either 
by a water-jacket or, as in many small engines, 
by a stream of cold air passing over heat- 
radiatmg gills formed on the outer surface of 
the cylinder. In practice it is found that 25 
per cent to 50 per cent of the whole heat 
evolved by the combustion of the working fluid 
is lost in this way alone. The highly heated 
gases lose heat to the containing surfaces 
partly by radiation, and, being in a state of 
very violent turbulence, also by convection. 

The general rule that the better the absorber 
the better the radiator, and the principle that 
a perfectly transparent substance, whatever 
its temperature, could radiate no energy, 
lead to the conclusion that gases in chemical 
equilibrium — which then possess nearly perfect 
transparency — can emit no appreciable radia- 
tion. When radiation does take place from 
gases it appears to arise from the flame due 
to chemical action proceeding in the gas, 
and in internal combustion engines any 
radiation from the flaming mixture is absorbed 
by the enclosing metal walls of the combustion 
chamber, cylinder barrel, piston crown, and 
valve heads, wherein it appears as sensible 
heat, which is then conveyed by conduction 
to the jacket and surrounding air. Loss of 
energy by radiation, in this connection, was 


first considered by Callendar in 1906. Tests 
by him on a small petrol engine ^ showed that 
the loss of heat per cycle could be represented 
approximately by an expression of the form 
a+br, where r is the time of one revolution, 
and a and 6 are constants. Radiation loss 
from the burning gases proceeds with very 
great rapidity near the instant of maximum 
temperature, and this practically instantaneous 
loss may be considered as represented by the 
constant term “a.’* The second term br 
represents a loss by radiation and convection- 
conduction proportional to the time during 
which the cylinder surfaces are exposed to 
the burning gases. 

§ (57) Radiation fkom Flames. — R. v. 
Helmholtz found, when using “ solid ” flame 
of about J in. in diameter, that a hydrogen 
flame radiated about 3 per cent, coal gas almost 
5 per cent, and CO about 8 per cent of its 
total heat of combustion. These were very 
small flames. A large flame radiates more 
energy per unit of area, suice a flame is largely 
transparent even to its own radiation, and 
thus radiation is received not only from the 
surface molecules, but also from all those 
behind it. Callendar, repeating some of 
Helmholtz’s experiments on a larger scale, 
found that the radiation from a Bunsen non- 
luminons coal gas flame 1-2 in. in diameter 
may amount to as much as 15 per cent of 
the whole heat of combustion. Experiments 
made by Julius on different kinds of flame 
have shown that the radiation is almost 
wholly due to the COg and HgO (steam 
molecules). The explosion of gases in an 
exhaust vessel, or a gas engine cylinder, 
differs considerably from any open flame in 
respect of radiation, as not only is the density 
of the gas much greater in the closed vessel, 
but it is also not cooled by mixture -with the 
outside air. Hopkinson (1910) made experi- 
ments on the radiation emitted during explo- 
sion and subsequent cooling of a mixture of 
0*15 coal gas and 0-85 air, by volume, in a 
closed vessel. He found that the total heat 
radiated during and after the explosion 
amounted to over 22 per cent of the whole 
heat of combustion. The radiation up to 
the instant of maximum pressure amounted 
to 3 per cent, and continued at a diminishing 
rate for a considerable period thereafter. 
It was still perceptible 0-5 second after maxi- 
mum pressure, when the gas temperature had 
fallen to 1000° C. 

§ (58). — The conditions existing within a gas 
engine when working have been vividly 
described by Clerk, who fitted a cylinder with 
a stout observation plug of glass. He says : 
“ WThile the engine is at work, a continuous 
glare of white light is observed ; a look into 
the interior of a boiler furnace gives a good 
^ Proc. Inst. Ant. JEng.j .1907. 
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notion of tKe flame filling the cylinder of a 
gas engine.” The loss by radiation from the 
flaming mixture will he greater as the absorbing 
power of the containing metal surfaces is 
increased. Hopldnson has coated the interior 
of an explosion vessel with tin-foil, and com- 
pared the results obtained by exploding 
mixtures of identical composition, firstly wfith 
the tin-foil highly pohshed, and secondly 
with its surface covered with lamp-black. 
He found that nearly the same maximum 
pressure was developed in both cases, but that 
the fall of pressure during cooling was consider- 
ably less with the bright than with the black 
surface. Further bolometric experiments by 
Hopkinson consisted in covering a small 
portion of the inner surface of an explosion 
vessel with thin copper strip (1) highly 
polished, (2) blackened, and (3) with the strip 
protected from direct contact with the flame 
by a plate of rock-salt. It was found that 
the rate of increase of temperature of the 
blackened surface during explosion and the 
subsequent early stages of coohng greatly 
exceeded that of the poHshed strip, the differ- 
ence between them being roughly equal to the 
rate of temperature increase observed when 
the strip was covered by the rock-salt, which 
transmitted upwards of 90 per cent of the 
radiant energy to the strip while protecting 
it against any direct gain of heat by contact 
with the flaming gas. 

Using a mixture of 0T5 coal gas to 0*85 air, 
by volume, giving a maximum temperature 
of 2150° C., Hopkinson estimated from these 
experiments that the loss of heat by radiation 
to the enclosing surface up to the instant of 
maximum pressure, was about 5 per cent of 
the whole heat of combustion, and that radia- 
tion continued during cooling certainly down 
to 1400° C. If combustion were complete at 
the instant of maximum pressure, which is 
also that of maximum temperature in closed 
vessel experiments, it would follow from the 
observed greater loss of energy by radiation 
during explosion to the black than to the bright 
surface, and the observed equality of the maxi- 
mum temperatures attained in each case, that 
the internal energy of the gas at the same 
temperature would be greater when the enclos- 
ing surface was bright than when blackened. 
Clerk has sho-wn, however, that combustion is 
never complete at the instant when maximum 
temperature is attained, and finds that in gas 
engine practice in general only some per 
cent of the heat is evolved at this instant, 
the remaining 15 per cent appearing during 
a portion, at least, of the expansion working 
stroke. Combustion is usually practically 
complete when release takes place ,* with 
weak mixtures, or badly-designed combustion 
chambers, combustion may be markedly 
incomplete even at release. 


§ (59) Cylindee Temperatures. — Although 
the maximum temperature of the w^orking 
gases is of the order of 2000° 0., the mean 
temperature at the inner surface of the metal 
of the cyUnder never exceeds a quite moderate 
value of, at most, some 200° C. above that of 
the cooling W'ater in large gas engines ; in 
the thin walls of petrol engine cylinders the 
difference is much less, and is usually below 
50° C. Hopkinson placed patches of tin -foil 
on the inner surface of the combustion 
chamber of a gas engine cylinder 11 J in. in 
diameter, and found these were quite un- 
affected by the successive explosions, although 
the heat-flow rate is here a maximum, and the 
melting - point of tin only 230° 0. In this 
connection it is also of interest to record that, 
using a rich mixture (1:9) of coal gas and air, 
he found at the instant of maximum pressure 
ill a cylindrical explosion vessel about 23 J in. 
diameter x 27 in. long, large differences of 
temperature at different points within tlie 
vessel. The following are his results : 


Mean temperature of the gases (inferred 

from maximum pressure) . . . 1600° 0. 

Temperature at centre of volume of the 
vessel, near point of ignition of the 

mixture 1900 „ 

Temperature at 4 in. from the wall of 
vessel 1700 „ 


Temperature at 04 in. from wall at end | J Jqq" ” 
Temperature at 04 in. from wall at side 850 „ 

A rough approximation to the rate of heat- 
flow per unit area from the gases to the cylinder 
surfaces is obtained by dividing the mean area 
exposed to the heated gases into the total 
heat appearing in the jacket water plus that 
lost by ordinary external radiation from the 
engine as a whole. 

Comparing in this way a 35 h.p. four-cylinder 
4*62in. diameter x 5-08 in. stroke Siddeley petrol 
engine running at 930 revs, per minute, with a 
40 h.p. single -cylinder 11 1 in. x 21 in. Crossl(\y 
gas engine running at 180 revs, per minute, 
Hopkinson ^ obtained the following results : 


Item. 

Crosslcy. 

Si(l(l('I(‘y. 

C.Th.U. lost per minute") 



to jacket water, and 
by general external j 
radiation j 

2250 

2300 

Percentage of ditto to^ 

34-0 

40-5 

total heat supply j 

C.Th.U. lost per cylinder \ 
per minute j 

Heat-flow in C.Th.U. per 

2250 

675 


sq. in. of exposed sur- 
face per minute at — 



In-centre . . . 

6-6 

7-0 

Out-centre . 

2-05 

3-7 

Mean .... 

3-2 

4-85 


^ Proc. Inst. Aut. Eng. vol. iii. 
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Thus the maximum heat-flow rate did not 
exceed 7 C.Th.U. per sq. in. per minute, and 
the temperature -grade necessary for this rate 
through cast iron is only about 100“ C. per 
in. of thickness. As the walls of the Siddeley 
engine cylinder were only in. thick, 
Hopkinson points out that the mean tempera- 
ture of the internal metal surface, where 
water- jacketed, never exceeded that of the 
jacket water by more than about 30° C. The 
walls of the Orossley engine cylinder were 
almost four times as thick as in the Siddeley, 
which would correspond to a mean temperature 
. of inner surface of, at most, 125° C. above that 
of the jacket water, or about 200° C. actual 
temperature. 

§ (00) Piston and Valve Temperatures. — 
The pistons and valve-s of internal combustion 
engines are rarely water-cooled, and conse- 
quently become very hot, their heat having 
to be conducted through some distance before 
reaching the jacket water. When working 
at full load, Hopkinson found in the Crossley 
^engine above cited temperatures at the centres 
of the piston crown and exhaust valve at 
about 540° C. For the gas engine mixture 
used by him the temperature of pre-ignition 
was slightly above 700° C. With oil engines 
when run at full load pre-ignition usually 
soon occurs, and is commonly prevented by 
the injection of a water-spray into the cylinder 
during explosion. 

In the preceding remarks it has been 
assumed that the internal metallic surfaces 
exposed to the heated gases are clean ; actually 
the combustion chamber surface is quickly 
covered with a deposit of carbon, while the 
working barrel of the cylinder is coated by 
a thin film of oil. The carbon deposit on 
the combustion chamber surface and piston 
crown increases the loss by radiation from the 
flaming gases ; by polishing the surfaces of 
the combustion chamber and piston of a gas 
engine a perceptible increase in mean pressure 
has been obtained. Again, a thick deposit of 
carbon, especially on the hot piston crown, 
by its low conductivity may create incan- 
descent points or patches, and thus cause 
pre-ignition ; thus carbon deposit is obviously 
to be avoided as far as possible. 

§ (61) Radiation Losses. — Clerk (Gustave 
Canet Lecture, 1913) states that radiation 
losses increase very rapidly wdth temperature 
difference, the loss being approximately 
proportional to the difference of the fourth 
powers of the absolute temperatures of the 
gas and inner w^all surface respectively — 
agreeably with Stefan*’ s Law. He states also 
that radiation increases with increase in the 
dimensions of the containing vessel ; and he 
points out that Stefan’s Law practically 
limits the temperatures attainable in gas- 
engine practice. 


§ (62) Heat -PLOW. — Reference may be 
made to the fifth report of the Gaseous 
Explosives Committee at the British Associa- 
tion (Dundee, 1912), w'hich contaius a valuable 
resume of present knowledge relating to heat- 
flow from the working gases into the cylinder 
walls of internal combustion engines. 

The general conclusions reached are, briefly : 

(i.) The rate of heat-flow from gas to walls 
is greatest at maximum temperature and 
pressure, and rapidly diminishes as the piston 
performs its outstroke ; the greater part of 
the heat-flow has occurred in a comparatively 
short time, and when the piston has moved 
but little from its in-position. Hence the 
bulk of the heat lost by the gases to the cylinder 
passes into the combustion chamber, piston 
crown, and valve heads, and but little is 
received by the working barrel. Clerk has 
calculated that the actual rate of heat-flow 
in the first ^ths of the outstroke is equal to 
six times that of the whole stroke, in ordinary" 
gas engines, when worldng at full load. If 
pistons be water-cooled, in eonsideiing the 
cooling of the cylinder it is probably sufficient 
to neglect altogether the heat-flow into the 
outer half of the working barrel. When 
pistons are uncooled a water- jacketed barrel 
is needed mainly to keep the piston cook 

(ii) The temperature-gradient necessary to 
maintain the required rate of heat-flow from 
the inner surface of a combustion chamber to 
the jacket water rarely exceeds 50° C. per in., 
and for such surfaces, kept fairly clean, 
effective cooling presents no great difficulty. 
At special points, e.g. the centre of the piston 
crown (when uncooied) temperature is high ; 
with a four-stroke engine of 24 in. cylinder 
diameter a temperatui’e of almost 600° 0. 
may be foxmd here. With large gas engines 
the necessary great thickness of the combustion 
chamber walls, and the practical difficulties 
of ensuring free circulation of jacket water 
everywhere may result in the formation of 
high local internal surface temperatures. 

(iii.) An important effect of radiation is the 
greatly increased heat given to cylinder walls 
when mean pressure is increased by increasing 
mixture - strength ; the metal temperatures 
and jacket- water temperature are raised in 
much greater degree than the fuel consumption, 
and efficiency is diminished. In large engines 
this sets a practical limit to power output 
which, if exceeded, results iu rapid overheating 
of the engine. 

(iv.) Another important effect of radiation 
is the greatly increased heat received by the 
walls from a large than from a smaU volume 
of gas ; it results from this, that the difference 
between the efficiency of a large and a small 
engine is lessened, and also that the difficulty 
of adequately cooling very large engines is 
increased beyond that arising from the neces- 
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sary great thickness (of the cylinder walls by 
the increased a.monnt of heat received through 
radiation from the greater volume of glowing 
gas enclosed. 

(v.) Effect of Density . — The density of the 
gas in an internal combustion engine of the 
Otto -cycle type is from four to seven or eight 
times that of the atmosphere ; in Diesel-cycle 
engines it is considerably greater ; increase in 
density greatly increases heat-flow as compared 
with an ordinary closed vessel explosion with 
atmospheric density before ignition. The 
total heat lost to the jacket water is found to 
increase with the density, but not quite in 
simple proportion ; the exact relation seems to 
be complex, and is not ascertained ; it is 
probable that the combined convection and 
radiation heat losses in a vessel of given form 
can be fairly well expressed as increasing 
according to some fractional power of the 
density. 

The question as to the best compression 
ratio to adopt is closely connected with that 
of density. When compression is increased 
by reducing the volume of the combustion 
chamber, not only Is the density of the gas, 
and therefore the total heat loss, increased, 
but the area of enclosing ’ surface is also 
reduced, and hence the rate of heat-loss per 
unit of area is increased by both causes 
combined. Though efficiency is increased in 
theory by increase of compression ratio, this 
increase may be more than annulled ]>y the 
increased heat-loss to the enclosing walls, 
and there is thus a value of the compression 
for which the efficiency practically attainable 
is a maximum. But it may easily happen 
that even before this maximum efficiency is 
attaiiied the increased rate of heat-flow per 
unit area of enclosing walls may give rise to 
cooling difficulties and pre-ignition trouble. 
The cause of pre-ignition is commonly the 
overheating of some point or patch of the 
metal, or carbon deposit thereon, due to 
excessive heat-flow following increased density. 
If the enclosing metal surfaces could be kept 
clean and cool, compression ratios could have 
much higher values than are at present 
practicable. 

§ (63) HEATiNa OF Charge entering 
Cylinder. — In large gas engines the ratio of 
surface to enclosed volume of gas is relatively 
small, while the thickness of the cylinder 
walls is necessarily great. In order to avoid 
setting up dangerous stresses in the metal 
through heating, it is found necessary to 
keep the jacket cool by arranging for the 
circulation of an ample supply of cooling 
water ; the temperature on leaving the 
jackets, in large gas engines and Diesel 
engines, is usually between 30° C. and 50° C. 
In very large gas engines the pistons and 
valve heads are also water-cooled, and in 


these engines, therefore, the temi^erature of 
the whole enclosing surfaces of combustion 
chamber, piston, etc., is always low. In the 
much larger class of gas engines with uncoolcd 
pistons and valves, the average temperature 
of the piston crowns and valve heads is very 
much greater. In the exceedingly largo class 
of small quick -revolution, internal combustion 
engines of the petrol type, the jacket water 
temperature is usually between 90° C. and 
100° C., while in air-cooled engines of this 
class, the mean temperature of the whole 
cylinder is considerably above 100° C., and 
the pistons and valve heads correspondingly 
higher. 

In every case, when a fresh charge is taken 
into the cylinder, some increase in its tempera- 
ture is caused by the higher temperature of the 
enclosing surfaces ; in addition, in the three 
practical cycles of Clerk, Diesel, and Otto, there 
is always some high temperature burnt gas 
from the previous cycle remaining in the com- 
bustion chamber at the' end of exhaust with 
which the entering fresh charge mixes, and by. 
which its temperature is always raised. From 
these two causes, the fresh charge is always 
heated at the beginning of compression, and in 
Otto cycle gas engines of the smaller type, and 
petrol engines, a temperature of 200° 6. at this 
point is not unusual. The rise of temperature 
results in a lessened density of fresh charge 
taken in, and the mass of fresh charge is 
further reduced by the presence of residual 
burnt gases in the combustion space ; apart 
from any effect of this upon thermal efficiency 
the heat evolved per cycle is IcHsoncd, and the 
power output of the engine correspondingly 
reduced. 

§ (04) The Diesel Cyolb ; Effect of 
Heating before Compression. — Consider the 
case taken in § (50), with ~ 14'7 lbs. per aq. 
in. (abs.), and cub. ft., tlie volume at 

outstroke. But, duo to heating on admiasi(m, 
suppose T' {Fig. 15) to bo 400° 0. (abs.) ; then at 
K we have now 13-6 cub. ft. of air at pressure 
14-7, and temperature 400° C., i.e. the mass 
of the charge is reduced frotn 1 II 7 . to 0-75 
lb., and the value of the constant R'=^^/T 
is now 72. The volume of the combustion 
chamber remains unchanged at 1*112 cub. ft., 
and hence is also unchanged at 500 lbs. 
per sq. in. (abs.). But t^=p^vjc' is now in- 
creased from 833° C. to 1111° C. (abs.). Hence 
as, by supposition, the maximum temperature 
X remains unchanged at 2000° C-, wo have 
«^j> = (T/y • v^~2-002 cub. ft., whence cr is now 
reduced from 2-4 to 1*8, and accordingly, agree- 
ably with equation (53) the thermal efficiency in- 
creases. Again, T 2 = {vJVg)y~''^-T=9l5° C., in- 
stead of 1043° C. ; the efficiency, by equation 
(52), is therefore now increased from 0*55 to 0*59. 
But the heat converted into useful work has been 
reduced by the reduction of the charge thus: 
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U =:0-75 {^^^(T - O - Jc^{% - T')} =93-1 C.Th.U. 
Hence in consequence is now reduced to 
93T X 1400/144 X 12*488 = 72*3 lbs. per sq. in. 
as compared with 118 lbs. per sq. in. in the 
previous case; thus the output of power of 
the engine at the same revolution speed has 
fallen from 1*0 to 0*613. The figures in the two 
cases are collected together below, for com- 
parison. 

In both cases Po = 14*7, ?;g=:13*6, = 1*112, 

p = 12*23^ and T= 2000° C. 


In this cycle increasing the lower limit of 
temperature T', increases the compression 
temperature in the same proportion : hence 
approaches more nearly to T, and accord- 
ingly the constant pressure expansion ratio <t 
is reduced with consequent increase in the 
adiabatic expansion ratio and reduction of the 
pressure drop at the release point H. The 
efficiency is inc reaped from 0*55 to 0*59, but 
owing to the smaller expenditure of heat the 
power output of the engine is reduced in the 
proportion of 100 to 01*3. 

§ (65) The Otto Cycle ; ‘ Effect of Heat- 
INO BEFORE COMPRESSION. — See § (36) and 
Fig. 21. In this case, as by equation (71), the 
efficiency is 1 - (l/p)*^' ^ ; where p is constant in 
value for the same engine, it follows that the 
efficiency, in theory, is unaltered by any change 
in the temperature of the charge before com- 
pression. Raising raises in the same pro- 
portion, and if tlure be the same expenditure of 
heat, li, as before, then as K=hJT ~tf) we 
have T = + and thus T is also raised, 

and consequently so also is Tg agreeably with 
the relation TJT = tjt^. In practice, however, 
in this case the efficiency is redvx^d owing to the 
greater heat losses resiilting from higher tem- 
perature of explosion and during adiabatic ex- 
pan sion. In the case discussed in § (51 ) suppose 
that, due to heating on admission, io=400° C. 
(abs.) ; then the mass of the charge is reduced 
from 1 lb. to ^ lb., and t^ rises to 800° 0- (abs.) 
since the ratio tjtf, is constant. The efficiency 
is, in theory, imaltered ; two suppositions may 
now be made as to the supply of heat to the 
working fluid, viz. : 

(i.) Suppose the supply of heat to l>e three- 
fourths of the quantity in § (51) ; and 

(ii.) Suppose the supply of heat to be only 
that necessary to cause the working fluid to 
attain a maximum temperature of 2000° C. 
(abs.). 

Case (i.).— In this case, as three-fourths of 


the heat is supplied from to three -fourths of 
the fluid, the rise of temperature will be the 
same as before, and accordingly the maximum 
temperature attained will be unaltered and 
T = 800+ 1400 = 2200° C., while Tg will corre- 
spondingly increase from 1000° C. to 1100° C. 
Thus the working fluid is at a higher tempera- 
ture throughout the cycle, the heat losses to 
the cylinder are greater, and hence, in practice, 
the efficiency is reduced. The useful work done 
is U = *75Z*^{T-f,-T2+f^) =88*67 O.ThU., 


while as a necessary consequence the mean 
effective pressure is now reduced from 103*5 
to 88*67 X 1400/144 x 11*11=774 lbs. persq. in. 
Thus, at the same revolution speed, even 
if the efficiency remained unchanged, the 
output of the engine would be reduced from 
100 to 75 ; the reduction in output will be 
actually greater than this, as the efficiency 
is lessened through the increased heat losses 
incurred. 

Case (ii.).* — ^In this case the efficiency is also, 
in theory, unaltered, and the temperature of 
the working substance is only increased by a 
relatively small amount during the adiabatic 
compression period ; the practical reduction 
of efficiency may hence be expected to be 
smaller in this case. The mass of the charge 
is reduced, as before, to | lb., but the heat 
supplied is also reduced, and is given by 
H = '76k^ {2000 - 800 - 1000 + 400; = 76C.Th.U. 
instead of 88*67. The mean effective pressure, 
at tmehanged efficiency, now drops to 66J lbs. 
per sq. in., and the engine output is now re- 
presented by the number 64*2 only. 

Thus in Otto-cycle engines, heating the 
incoming charge does not, in theory, affect the 
efficiency, though in practice some loss of 
efficiency results from increased heat losses to 
the cylinder. The reduction in the mass of 
the charge, with consequent reduction in the 
heat supply, results, however, in a rapid falling 
off in the output of power. 

§ (66) Time of Explosion. — ^In the pre- 
liminary simple theory of the internal com- 
bustion engine constant volume cycle, explo- 
sion is assumed to occur instantaneously ; 
actually a small, hut finite, interval of time 
elapses between the instant of ignition and that 
at which maximum pressure is attained. The 
time of explosion in constant volume experi- 
ments may he defined as the interval of 
time between the commencement of increase 
of pressure and the attainment of maximum 


T' 

° C. 

e 

^ G. 

Vp 

Cub. Ft. 

cr. 

Adiabatic 

Expansion 

Ratio. 


Thermal 

EfiSciency. 

C.Th.TJ. 

p7n. 

Lbs./Sq. In. 

Relative 

Power 

Output. 

300 

400 

833 

1111 

2*67 

2*002 

2*4 

1-8 

5*1 

6*8 

1 

1043 

915 

0*55 

0*59 

151*7 

93*1 

118 

72*3 

1 

0*613 
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pressure, and numerous experiments upon 
explosions in closed vessels of constant volume 
by Bunsen, Berthelot, Bairstow and Alexander, 
Clerk, Grover, Hopkinson, Langen, Petavel, 
Mallard and Le Cha teller, and others have 
furnished results showing clearly the mode of 
dependence of the time of explosion upon the 
nature and condition of the “ carburetted ” 
charge employed. 

Constant-volume explosion experiments by 
Clerk in 1900 made upon electrically ignited 
mixtures of London coal-gas and air, initially 
at atmospheric pressure and temperature, con- 
tained in a closed cylindrical vessel 7 in. in 
diameter and 7 in. long internally, furnished 
the following results : 


^ Volume Gas 
Mixture yoliSiTSiF' 

Time 

of Explosion. 


Seconds. 

JL j 

•045 

i 1 

^042 


•055 

1 

•067 


•087 


•155 

tV 

•305 

tV 

•290 


Similar experiments by Bairstow and Alex- 
ander on mixtures of coal-gas and air exploded 
at constant volume but in a much larger 
cylindrical vessel, viz. of 10 in. internal 
diameter by 18 in. in length, from atmo- 
spheric temperature, but with an initial pres- 
sure of 55 lbs. per sq. in. (ahs.), furnished 
results from which the following figures have 
been deduced : 


. Volume Gas 
Mixture volume Air' 

Time of Explosion 
(approximately). 


Seconds. 


•04 


■07 

i 

■20 

tV 

•5 


10 


Petavel, with a 1 : 6 mixture of coal-gas and 
air, initially at 18° C., and at a jjressure of 
1136 lbs. per sq. in. (abs.), exploded within a 
spherical steel bomb of 4 in. internal diameter, 
observed a maximum explosion pressure of 
9508 lbs. per sq. in. attained in -058 of a second. 
From these and other results, it appears that 
for uniform explosive mixtures initially at rest 
within a closed vessel, the time of explosion, 
caeteris 'paribus, is (i.) less as the mixture 
richness is greater, (ii.) greater, with a single 
point of ignition, as the volume of the con- 
taining vessel is greater, and (iii.) independent 
of the initial pressure of the explosive 
charge. 


OF INTERNAL COMBUSTION 


As the mixture richness, is increased a 
point is, how'ever, soon reached at which 
the time of explosion is a minimum ; the 
following figures from experiments by CUerk, 
and the Massachusetts Institute, Boston, 
illustrate this : 


Mixture 

Eatio. 

Time of Explosion with 

Oldham 

Coal-Gas. 

London 

Gas. 

Boston 

Gas. 

1 

■IG 

•045 

•08 

i 

•055 

’042 

’05 

1 

’04 

•055 

’05 

? 

■OG 

•0G7 

•OG 



•087 

•OG 

1 

li' 

•08 

•155 

■08 



•305 

•11 


•17 


•14 


While with mixtures of 0-68, petrol vapour 
and air, the Boston experiments gave : 


Petrol 

Vapour. 

Time of 
Explosion. 

Petrol 

Vapour. 

Time of 
Explosion. 

Per cent. 

Seconds. 

Per cent. 

Seconds. 

1-79 

•109 

2-78 

’058 

1-96 

•091 

3-03 

•OGG 

217 

•082 

3-23 

•0G7 

2-44 

■ -OGO 

3-45 

•100 

2-C3 

’058 




On the passage of the igniting s])ark the gas 
in its immediate vicinity is itistantiy inflamed 
with acconq^anying sudden exi^insion ; tho 
inflammation very quickly extends outwards 
in all directions, tlio inflamed portion rapidly 
compressing, and thus heating, tho uninflamed 
portion. Parts of the inflamed gas arc also 
projected into the uninflamed volume, and thus 
cause the general inflammation to ])r()ceed at 
an increasing i-ato nearly up to the ])(unt when 
complete inflammation is attained. It is 
clear, therefore, that the time of oxi)losion will 
be greater as the volume of gas exploded is 
greater, and also that it will bo lessened by 
having more than ono point of ignition, ])ro- 
vided the additional ignition points arc efloc- 
tive. Further, if a considerable volume of tho 
gas be ignited at once, by a long and powerful 
spark, or a large flame, tho time of explosion 
will be reduced ; a small separate chamber 
connected with tho main explosion vessel if 
filled with explosive mixture, and ignited, will 
project a rush of flame into the main vessel and 
so much reduce the time of explosion. The 
shape of the explosion vessel has also a marked 
influence, and has also tho position within the 
vessel of the point of ignition. This latter 
point is well illustrated in Bairstow and 
Alexander’s experiments, using a cylindrical 
vessel 10 in. diameter x 18 in. long, with the 
ignition point situated at different points 
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within it ; the following are the times of 
explosion observed : 


Depth of Ignition Point 
from Top of Vessel. 

Time 

of Explosion. 

Inches. 

Seconds. 

0 

•160 1 

3 

•141 

6 

■177 

9 

^106 

12 

•123 

15 

•140 

18 

•145 


The maximum pressure attained was, in 
each case, roundly 220 lbs. per sq. in. (abs.), 
and the explosion was most rapid when the 
mixture was fixed from the centre of the 
cylinder. Though rapid ignition does not 
cause any increase in the maximum pressure 
attained, it is yet of importance in internal 
combustion engines in order to avoid loss of 
W’ork from a comparatively slow pressure rise 
upon a rapidly moving piston. Accordingly 
in large gas engines, and in the petrol engines 
of racing cars, it is common to find two or 
even more igniting points per cylinder. In the 
case of a petrol engine tested by Professor W. 
Watson,^ for example, it was found that with 
single ignition the time of explosion was 
0-0055 second, and that this was reduced by 
almost one-third, viz. to -0037 second when 
double ignition was used. Increased power 
W'as obtained when using double ignition, the 
advantage gained being greater as the revolu- 
tion speed increased, as the foUowing figures 
show : 


Revolutions 

Horse-power 

Horse-pow’er 

per 

with 

with 

Minute. 

Single Ignition. 

Double Ignition. 

1100 

18-4 

20-8 

1600 

26-0 

29-2 


§ (67) Turbulence. — ^At an early date it 
was observed by Clerk that gas engines would 
have been impracticable, through necessarily 
slow running, had the rates of explosion been 
as great in actual engine cylinders as in closed 
vessel experiments. In the case just cited, the 
time of explosion of the petrol air mixture 
in an actual engine was only *0055 second, 
whereas the shortest explosion time obtained 
in the Boston experiments — albeit with a 
larger vessel — was -058 second, or more than 
ten times as great. In larger gas engines also 
the same result is observed ; Fig. 30 is a 
reproduction from a diagram taken by 
Humphrey during a test in 1900 ® of a 500 
h.p. Premier engine using Mond gas. The 

1 Proe. I.A.E., 1909. 

® Froc. Inst. JSLech. Eng.., 1901. 


cylinder w’as 28J in. diameter and the stroke 
30 in. ; the average revolution speed was 
128-05 per minute. The diagram shows that 
maximum pressure was attained when the 
piston had moved forward only about 4-^ of 
the outstroke, corresponding to a time interval 
of only 0-026 seconds, which is, in this case, 
substantially the time of explosion. Thus 
even in this large cylinder the time of explosion 
is only about one-half as great as was observed 
in the closed vessel coal-gas experiments 
above cited. 

This feature has recently received special 
attention, and Clerk found in some experiments 
carried out in 1912 that the time of explosion 
in the same engine diminished \vith increase in 
the revolution speed, and that this resulted 
mainly from the increased rate of inflammation 
caused by the violent turbulent motion set up 
by the sudden rush of the fresh charge into the 
cylinder during the suction stroke, and which 



persisted during compression ; in gas and 
petrol engines during the suction stroke the 
average velocity of the entering fresh charge 
through the inlet valve is from 100 to 120 ft. 
per second. 

Clerk ® has carried out further experiments 
showing very strikingly the important part 
played by turbulence in reducing the time of 
explosion in actual engines, and thus rendering 
high revolution speeds practicable. He took 
indicator diagrams from the same engine : 

(1) filing the charge in the usual manner, and 

(2) firing the charge after compressing and 
expanding it during one or two revolutions of 
the crank-shaft, thus giving time for the tur- 
bulence to largely subside. Comparison of the 
diagrams so obtained show's at once that the 
effect of damping down turbiflence was to 
retard the rate of inflammation to a remarkable 
extent, completely changing the form of the 
diagram. 

Two of the diagrams so taken are shown in 
Figs. 31 and 32 ; the time of explosion with 
normal ignition, from A to B,^ is -037 and -033 

Gustave Canet Lecture, 1913. 

^ Max. 33 u occurs at B. 
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seconds resi)ectively ; wliile after a third 
compression of the fresh charge the time of 

Diagram showing effect of Turbulence. Side Ignition 
Ftred after 1st Compression, Ipnition Period, A fo B = *033 Sacs. 

Do. Ignition Period, to B'='078 Sacs. 



Coal Gas ^ 

Mixturn;.- Air.fyo. " S-it 


FIG. 31. 

explosion increases to -092 and *078 seconds 
respectively. The cylinder was 9 in. in 
diameter, with 17 in. stroke, and was run at 
180 revolutions per minute 
under full load conditions 
with jacket water at 70° C. 

Two electric igniters were 
fitted, one in the inlet port 
at the back of the combus- 
tion chamber, the other at 
the side of the cylinder just 
clear of the piston, when 
fully ‘‘ in.” It will be noted 
that in this case the explosion 
is more rapid with the side 
igniter, and that in both 
cases the time of explosion 
with partly quenched turbu- 
lence is about 2J times 
as great as under normal 
working conditions with un- 
damped turbulence. 

Thus, due to turbulence, 
the time of explosion in the actual engine was 
only ^th to ith that observed in the closed 

Diagram showing effect of Turbulence. End Ignition 


only about ^th of that observed in Bairstow 
and Alexander's tests. Hopkinst)n also carried 
out tests in 1912 on the effect of turbulence 
artificially produced by the rotation of a fan 
within a closed cylindrical vessel 12 in. dia- 
meter by 12 in. long ; these experiments 
show^ed B, great reduction in the time of 
explosion with increase in turbulence. Using 
a 1 : 9 mixture by volume of coal-gas and air, 
the following figures illustrate his results : 


Eovolutions per Minute 

Time 

of Pan. 

of Explosion. 


Seconds. 

0 

■13 

2000 

•03 

4600 

•02 


§ (68) Caloripfc Values and Specific 
Heats of the Working Mixtures. — A s 
already stated, whatever the fuel used in an 
Table I 

SPBcmo Weight and Volume op Gases at 0°C. 

AND Atmospheric Pressure 


Substance. 

Symbol. 

1. 

Specific 

Gravity 

H = l. 

2. 

Weight of 
1 Cub. Ft. 
in Lb. 

3. 

Volume 
of 1-Lb. 
in Oub. Ft. 

4. 

Air .... 

23-0 -f 77 N 

14-44 

•08073 

12-387 

Oxygen 

02 

16 

•08044 

11-18 

Nitrogen 

N2 

14 

•0782() 

12-78 

Hydrogen . 

Hs 

1 

•00660 

178-80 

Water (gaseous) . 

HgO 

9 

•05031 

10-88 

Carbon monoxide 

CO 

14 

•07820 

12-78 

Carbon dioxide . 

CO, 

22 

•12208 

8-13 

Metliane (marsh gas) . 

CH4 

8 

•04472 

22-30 

Ethylene (olefiant gas) 

C2H4 

14 

•07820 

12-78 

Acetylene 

C2H2 

13 

•07207 

]3'70 

Normal benzene . 

C'eHc 



39 

•21801 

4-50 



vessel explosion experiments of Clerk and 
Hopkinson, with the mixture at rest, and 


internal combustion engine, the working sub- 
stance after ignition consists of a mixture of 
nitrogen, steam, carbon dioxide and frequently 
a small amount of free oxygen. When the 
chemical formula of the fuel or “ carhurant ” 
is known, the heat evolved during combustion 
may be readily calculated. In Tabic I. some 
physical constants are given for the substances 
involved in Internal Combustion Engine 
practice. 

In Tables II. and III. the quantities of heat 
evolved in the complete combustion of 1 lb., 
and of 1 cub. ft., of various gases, etc., are 
given. 

§ (69)' — From Tables II. and III. it will be 
noted that a hydrogen- air mixture contracts 
after combustion to 0*853 of its initial volume, 
with corresponding reduction in the pressure 
developed. Further, notwithstanding the very 
high* calorific value of hydrogen per lb., its 
excessive bulkiness results in a heat evolution 
of only 164/3*4 = 48 C.Th.U. (app.) per cub. ft. 





Table II.— Appeoximatb Calorific Values, etc., of Fuels per Cubic Foot at 0° C. and Atmospheric Pressure 
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01 mixture with air at 0° C. and atmospheric 
pressure. 

Hydrogen-air mixtures are yery sharply 
explosive and when hydrogen is present in 
large proportion in a gaseous fuel, this property 
frequently causes trouble through pre-ignition. 
The hydrogen alone would be a comparatively 
poor and troublesome fuel to employ for power 
purposes, though its presence is often beneficial 
in conferring sufficiently prompt inflamina- 
bility upon dilute mixtures of other gases. 

Methane is an excellent gaseous fuel for 
power purposes ; its heat value per cub. ft. of 
mixture with air is 542/10-6 = 51 C.Th.U, 
(app.), and thus exceeds that of hydrogen, 
while there is no contraction of volume after 
combustion. 

With normal benzene (the principal con- 
stituent of “ benzol ”) and average petrol there 
is an increase of volume after combustion. 
With the ordinary coal-gas-air mixtures used 
in practice, there is, in general, a contraction 
of volume after combustion of not exceeding 
about 3 per cent of the volume before com- 
bustion. 

Table IV. gives the approximate amount of 
heat in C.Th.TJ. evolved by the combustion of 
1 cub. ft. at 0® C., and atmospheric pressure of 
mixture wUh air of various gaseous and other 
fuels. 

Excluding acetylene, which is only employed 
in a few very special cases, this Table shows 
that the heat evolved per cub. ft. of miocture 
ranges only from about 48 to 58 thermal units 
notwithstanding large differences in the 
calorific values per lb. of the various fuels 
tabulated. 

In Table V.^ average figures are given for 
the gaseous fuels in common use in stationary 
gas engines. 

The heat evolved per cub. ft. of mixture here 
I ranges from 33 to 49 C.Th.U., although the 
heat evolved by combustion of 1 cub. ft. of 
gaa ranges from 59 to 295 units. 

In these Tables the volumes of air considered 
j are only such as are just sufficient to ensure 
! complete combustion of the fuel. Generally 
some excess of air is mixed with the fuel ; thus 
the Continental practice is to use about 20 per 
cent excess of air with blast furnace gas and 
producer gas from coke or anthracite, and 40 
per cent to 50 per cent excess of air with coke 
oven gas and town gas. 

In large gas engines, in order to avoid undue 
heating troubles, it is found necessary to so 
dilute the working mixture that the evolution 
of heat per cub. ft. of working stroke swept by 
the piston does not exceed about 28 C.Th.U. 
for cylinders of up to 20 in. in diameter, and 
from 20 to 22 C.Th.U. for 30 in. cylinders. With 
gaseous fuels containing a large proportion of 

^ From Clerk and Burls, Gas Petrol and OH Engines, 
ii. (Longmans, 1913). 
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hydrogen, as, e.cj. coke oven gas, pre-ignition 
trouble is often experienced. Clerk has 
entirely overcome this by diluting the fresh 


§ (70) Specific Heat op Cases. — By aid of 
thes‘ various Tables, the maximum tempera- 
ture and pressure attained by the explosion of 


Table III 

Approximate Caloripio Values op Fuels per Lb. 


Fuel. 

1 Lb. of 

Burnt to 

1, 

Combustion por Lb. of Pool. 

C.Th.TT. of Heat 
evolved in CombuHtion 
of 1 Lb. of Fuel. 

Lbs. of 
Oxygon 
neetled. 

2. 

Lbn. of 
Air 

neetled. 

3. 

Weight of Products in Lbs. 

Higher 

Value. 

Lowtu' 

Value. 

H. 

Burnt in 
Oxygen, 

4. 

Burnt in 
Air. 

n. 

Lbs. of 
Nitrogen. 

0. 

Hydrogen . 

HoO 

8-0 

34*8 

9*0 

35*8 

26*8 

34,170 

29,340 


CO 

1*333 

5*8 

2*333 

6*8 

4*466 

2,445 

2,445 

Carbon . y 

CO 2 

2*667 

11*6 

3*667 

12*6 

8*933 

8,000 

8,000 

Carbon monoxide 

CO 2 

0*571 

2*484 

1*571 

3*484 

1*913 

2,430 

2,430 




r 

2*75 of CO 2 

'j 




Methane 

CO 2 and HoO 

4*0 

17*4 i 

2*25 of HgO 

Us *4 

13*4 

13,340 

12,130 




i 

5*00 Total 








(■ 

3*143 of CO 2 





Ethylene . 

COg and HgO 

3*4285 

14-914- 

1*285 of HgO 

U5-914 

11*486 

12,180 

11,490 




1 

4*428 Total 

J 







1 

3*3846 of CO 2 





Acetylene . 

CO 2 and H 2 O 

3*077 

13*386^, 

0*6924 of HgO 

>14*386 

10*308 

12,140 

11,770 




i 

4*077 Total 

) 







r 

3*3846 of CO 2 

1 




Normal benzene. 

CO 2 and HgO 

3*077 

13*385* 

0*6924 of HgO 

U4-.385 

10*308 

10,000 

9,630 





4*077 Total 









1 

j 





charge with from 10 iJer cent to 20 per cent, 
by volume, of cooled exhaust gases. By this 
means, the free oxygen is reduced and replaced 
by a mixture of carbon dioxide and nitrogen. 


any mixture of known composition could bo 
readily calculated — apart from heat losses to 
the containing vessel — i)rovidcd tho s])ociHo 
heat of tho mixture were accurately known. 


Table IV 

Heat per Cubic Foot op Air-mixtures, and Nitrogen Content, at 0® C. 
and Atmospheric Pressure 


1 Cubic Foot 
of Mixture of Air 
and 

Composition by Volume 
before Combustion. 

Proportion of Nitrogen 
in Mixture. 

C.Th.U. 
of 'Heat from 
.1 Cubic Foot 
of Mixture! 
(bower 
Viiluos). 

6. 

Fuel. 

Cubic Foot. 

1. 

Oxygen. 
Cubic Foot. 

2. 

Nitrogen. 
Cubic Foot. 

3. 

Before 

Combustion. 

4. 

After 

CombuHtion. 

5. 

Hydrogen, 

*294 

*148 

•668 

■658 

•654 

48*2 

CO ... . 

•294 

■148 

•658 

•668 

•654 

55*6 

Methane 

*0943 

•1902 

■7165 

•7156 

•7156 

51*1 

Ethylene 

■065 

■196 

•739 

•739 

■739 

58*4 

Acetylene 

•077 

•194 

•729 

•729 

•758 

65*8 

Normal benzene . 

*027 

•204 

*770 

•770 

•760 

60*7 

Average petrol 

. 

•020 

•206 

•774 

•774 

•7.35 

51*6 


The total mass of the charge is maintained, 
while the addition to the inert gases reduces its 
indammahility, and thus prevents tho occur- 
rence of pre-ignition even in sustained heavy 
load running. 


For a small range of temperature, as from 0° 
0. to 200° 0., the specific heats of the ordinary 
“ permanent ” gases are roughly constant in 
value, and are given in Table VI. 

Consider, for example, 1 cub, ft. of CO -air 
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mixture at 0° C. and atmospheric pressure. 1 
From column 6 of Table this evolves ' 
on combustion 55*6 C-TklJ. of heat. Also, 
from Tables I. and IV. its mass is given bv 
•294/12*78 + 706/12*38 /= ’08 lb., while from 


kinds all agree, however, in shoving that 
no such high temperature as 4303" C. 
(abs.) is ever even approached ; and that, 
in general, the maximum temperature (and 
consequently pressure) realised in constant 


Table V 

Average Calorific Values of the Usual Gaseous Fuels per Cubic Foot at 0° C. 
AXD Atmospheric Pressure 


r 

Mature of Gas. 



Coke 


Pressure Producer. 

Suction Producer. 

Blast 

Item. 

Town 

Gas. 

Mond 

Gas. 






Oven 

Gas. 

From i 

From 

From 

From 

Furnace 

Gas. 




Anthracite. 

Coke. 

Anthracite. 

Coke. 


1. 

2. 

3. 

4. 

5. 

C. 


8. 

Cub. ft. of air required per ) 
cub. ft. of gas J 

Volume of mixture for 1) 

5- 0 

6- 0 

6 6 

1*1 

2-1 

11 

2*1 

•• 

0-93 

1*93 

0*92 

1-92 

0*75 

cub. ft. of gas (A) j 

C.Th.U. evolved on com-'j 


1*75 

1 






plete combustion of “ A ’ - 
(lower value) J 

295 

235 

, 89 

1 89 

i 

77 

77 

77 

59 

C.Th.U. on complete com- | 

i 


i 






bustioQ of 1 cub. ft, of • 
mixture (lower value) J 

49 

47 

42-4 

1 

42*4 


i 40 

i 

40 

33 


Table VI. it is clear that may be taken at 
the value 0-17 C.Th.U. per lb. for the mixture. 
If, then, this 1 cub. ft. of CO-air mixture be ex- 
ploded at constant volume, with constant in 
value at 0-17, and no heat loss to the containing 


volume explosion experiments is, roughly/, 
about one-7ialf only of that indicated by 
calculation made in the manner as just iUinfs- 
trated. Thus Table VII. contrasts actual /with 
calculated temperatures and pressures from 


Table VI 


Average Specific Heats, etc., of Gases between 0'^ C. and 200® C. 


Gas. 

Specific 

G^a^'ity 

Hydrogen=l. 

1. 

Density in 
Lbs. per 
Cubic Foot 
at 0“ C. and 
Atmospheric 
Pressure. 

2. 

Average 

Specific Heats 
in C.Th.U. per Lb. 

R= 

Jih-kv) 

in 

Ft.-lbs. 
per Lb. 

6. 

kp 

y^ki: 

7. 

ku for 

1 Cubic Foot 
bf Gas 
at Q® C. and 
Atmospheric 
Pressure. 

S. 

kp. 

3. 

X-o. 

4. 

5. 

Dry air 

14*44 

•08073 

•2375 

•1689 

•0686 

96-0 

1-406 

-01363 

Oxygen 

16 

*08944 

-217 

•155 

•062 

86-8 

1-403 

•01386 

Nitrogen 

14 

•07826 

•244 

•173 

•071 

99-4 

1-409 i 

•01354 

Hydrogen . 

1 

•00559 

3-409 

2-406 

1-003 

1404 

1-417 1 

•01345 

Carbon monoxide 

14 

•07826 

•245 

•173 

•072 

100-8 

1-416 

•01354 

Steam . 

9 

•05031 

•49 

•37 

•12 

168 

1-32 

•0186 

Carbon dioxide . 

22 

•12298 

-216 

1 .171 

•045 

63 

1-263 

•02103 

Methane 

8 

•04472 

•593 

•467 

•126 

176-4 

1-270 

•02088 

Ethylene 

14 

•07826 

•404 

•332 

•072 

100-8 

1-217 

•02598 


vessel, there would be attained a maximum 
temperature T and pressure p (both abs.), 
such that 55-6 = *08x-17x(T-273), whence 
T=4363° C. (abs.) and 

14*8 273 ’ 

whence p ~ 236 lbs. per sq. in. abs. 

§ (71) Experimental Results. — The very 
numerous experiments that have been made 
upon explosive mixtures of many different 


constant volume experiments by Clerk with 
Oldham coal-gas-and-air mixtures initially at 
290° C. (abs.), and 14*8 lbs. per sq. in. 

With reference to the figure given in 
column 2, which are calculated from the actual 
maximum absolute pressures attained (column 
1) by aid of the formula T/fo=p/A> 
observed that these do not give the highest tem- 
peratures existing at the instant of maximum 
pressure, but are merely averages. There is a 
hot nucleus of gases at considerably higher tern- 
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perature than those of the portions nearer the 
cool enclosing walls — ashas already been pointed 


Table VII 

Explosion oe Mixtures op Oldham Gas and Air 


Volume 

TliLtio 

of Mixture : 
Gas : Air. 

Maximum, Actual. 

" Theoretical." 

Ratio Ilf 
Actual to 
“Theoretical '* 
Temperatui-es 
and 

Pressures. 

5. 

Pressure 
Attained, 
Lbs. per Sq. 
In. ALs. 

1. 

Temperature 
Calculated 
from 
Pressures 
® C. Abs. 

Maximum 

Tomperature 

0 C. Abs. 

3. 

Maximum 
Pressure, 
Lbs. perSq. 
In. Abs. 

4. 

1 

14 

65 

1078 

2059 

105 

•524 

1 

13 

CG 

1294 

2185 

111 

•592 . 

1 

12 

75 

1470 

2331 

119 

•631 

1 

11 

7G 

1490 

2501 

128 

•596 

1 

9 

93 

1823 

2943 

150 

•619 

1 

7 

102 

2000 

3G07 

184 

•554 

1 

6 

105 

2058 

4081 

208 

•504 

1 

5 

lOG 

2078 




1 

4 

95 

1862 





out in § (59) ; i/he figures given in column 2 
closely approximate, however, to the mean 
“ maximum” temperatures actually attained. 

§ (72) Variation of Specific Hbat.^ — The 
characteristio equation of an ideally perfect 
gas is pv—l^T . , . ( 12 ), where R is the 
difference of the constant specific heats, ^ 3 , and 
and is therefore also a constant. 

But this equation is true for any fluid 
whereof the specific heat is a function of the 
temperature only, provided that the difference 
of the two specific heats remains constant, and 
such a fluid will obey Boyle’s Law exactly at 
all tempe^ratures ; this, however, will only be 
true if b^th and are independent of the 
density 0 ^ the fluid. . 

Joly Mund both for air and CO 2 that 
appeared to increase slightly with density ; 
thus injAie case of COo : 


Pressure, 
^Tbs./Sq. In. 
y Abs. 

Density 
(Water = 1). 

kv — 

106-5 

•01163 

•1684 

320-5 

•03780 

•1738 


an increase of about 3 per cent only. In the 
case of hydrogen the specific heat appeared to 
decrease slightly with increase of density. The 
variation with density has, so far, been treated 
as neghgible, and exiierimentally obtained 
values of specific heat at various temperatures 
are resumed by empirically found functions of 
temperature only. 

§(73) Relation between hj , and Tem- 
perature. — Regnault examined the relation 
between hj, and temperature in the case of air 
and CO 2 , and formed the conclusion that 
between -30° 0. and -f200° C., the specific 
^ See “ Gases, Specific Heat of.” 


heat of air remained sensibly constant, while 
that of CO 2 increased by nearly 18 per cent. 

Mallard and Le Ghatelier, 
and Berthelot, from experi- 
ments upon constant- volume 
explosions of mixtures initi- 
ally at atmospheric pressure, 
deduced values of for tem- 
Iieratures up to 2000° C. for 
air, steam, CO 2 , and other 
gases, and concluded that the 
specific heat increased con- 
siderably with the tempera- 
ture in all the cases examined 
by them. It is not clear, 
however, that combustion 
had ceased when their 
measurements wore taken. 

Early constant-pressure ex- 
periments by Holborn and 
Austin on Air, Oxygon, and 
Nitrogen, with electrical heat- 
ing of the gases, temperatures being measured 
by a thermopile, and heat-quantities by calori- 
meter, furnished the following results : 

Table VIII 

Mean for Air, Oxygen, and Nitrogen 
20-800° 0. (Ordinary) , 

(Holborn and Austin) 


For a 

Temperature 
Range from 

Mean Value of kp for 

Air. 

1. 

Oxygen. 

Nitrogen. 

3. 

20-440° G. 

•23GG 

•2240 

•2410 

20-630 

•2429 

•2300 

•2464 

20-800 

•2430 


•2497 


Thus Ic^ increases, though but slowly, in each 
case. Later experiments by Holborn and 
Austin made at Berlin,^ using the same method, 
gave the following results for Nitrogen, Steam, 
and COg, for temperatures ranging from 
110 ° C. to 1400° C. : 

Table IX 

Mean kp for Nitrogen, Steam, and CO 2 . 

110-1400° C. (Ordinary) 

(Holborn and Austin, 1907) 


For a 

Temperature 
Range from 

Mean Value of kp for 

Nitrogen. 

3. 

Steam. 

OO 2 . 

3. 

110- 200° C. 

•240 


•217 

110- 280 


■405 


110- 400 

•242 

•4G7 

•229 

110- 600 

•247 

•473 

■240 

no- 800 

■251 

•482 

•250 

110-1000 

•254 

•494 

•258 

110-1200 

•258 

•510 

•2G4 

110-1400 

•2G2 

•532 

•272 


® British Association Meeting, 3907. 
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These results indicate substantial increases 
in with rise of temperature for all the three 
gases. Holhom and Austin have also calcu- 


The composition by volume of the mixture 


lated the value of for CO 2 at temperatures 
from 0° C. to 800^ C. from their own results 
and also from those of Langen’s and Mallard 
and Le Chatelier’s experiments- The figures 
are given hereimder : 

Table X 

Values of fob CO 2 from 0’ C. to 8{X)° C. 

(Ordinary) 

(Calculated by Holbom and Austin) 


At 

Temperature 
“ C. 

Value of I'p from 

Holbom 

andAustin. 

1 . 

Langen. 

2. 

Mallard and 
Le Chatelier. 

3. 

0 

•2028 

•1980 

•1880 

100 

-2161 

•2100 

•2140 

200 

-2285 

•2220 

-2390 

400 ! 

-2502 

■2450 

•2840 

600 i 

•2G78 

-2690 

•3230 

800 

-2815 

■2920 

•3550 


Holbom and Austin and Langen’s results 
are concordant, while those of Mallard and Le 
Chatelier show a much faster rate of increase 
of Ic^ with temperature than either of the 
others. 

§ (74) Clerk’s Experiments.^ — In Clerk’s 
experiments both pressure and volume were 
varied simultaneously, the gas experimented 


gas-engine cylinder behind a moving piston. 
^ Troc. BjO}/. Soc. A., 1906, Ixxvii. 499. 


after explosion was as follows : Nitrogen, 75-0 
per cent; steam, 11-9 per cent; carbon di- 
oxide, 5-2 per cent ; oxygen, 7-9 per cent. 

Hence from Tables I. and we have for 
1 cub. ft. of this mixture at 0° C. and atmo- 
spheric pressure : 


Coirttitoent. 

Cub. Ft in 

1 Cub. Ft. 

of the 
Miittire. 

1 . 

Weight, in Lba. 
in 1 Cub. Ft. 
at 0° C- and 
Atinnspheric 
Pressure. 

2. 

C.Th.U. per 1° C. 
Rise of Tempeniture 
from 0-200'' C. 
agreeably -with 
Table VL (at 
Constant Voluinei. 

3. 

Nitrogen 

•750 

■0587 

-010155 

Steam . 

■119 

■0060 

•002213 

CO 2 

•052 ' 

•0064 

-001094 

Oxygen . 

•079 

•0070 

-001095 

Total . 

1-000 

-0781 i 

-014557 


Thus 1 cub. ft. of the mixture, measured at 
0° C. and atmospheric pressure, weighs -0781 
lb. and agreeably with Table VI. should have 
a mean between 0° C. ’ and 200° C. of 
•014557 C.Th.U. or, in work units, 20-38 ft.-lbs. 

On referring to Table XI. it will be seen 
that the value of at 100° C. from actual 
experiment was 20*90 ft. -lbs. ; thus the experi- 
mental and calculated results here agree very 
weE. 

After explosion the ordinaiy working stroke 
was performed, but instead of release taking 
place near the end of the stroke, both valves 
were kept closed while the 
crankshaft continued to revolve 
through the momentum of the 
engine fly-wheel, thus alter- 
nately compressing and ex- 
panding the entrapped mixture. 
An indicator diagram was 
taken, recording the changes of 
volume and pressure undergone 
by the gases. 

The gain of internal energy 
by the mixture during com- 
pression from any jjoint A to B 
{Fig. 33) is equal to the external 
work (MABN) done upon the 
mixture in compressing it minus 
the heat lost to the cylinder 
walls in the interval ; while 
during any expansion period, as 
BC, the loss of internal energy 
is equal to the external work 
(MBCN) done by the mixture 
in expanding from B to C, ^lus 
the loss of heat to the cylinder 
walls. 

The external work is readily 
obtained with considerable accuracy by plani- 
metric measurements of the diagram, whEe the 
changes of temperature can be calculated from 


Table XI 

Apparent Specific Heat hg from 0® C. to 1500® C. (Oemnaby) pee 
Cubic Foot of Wobkinq Mixture at 0° C. and Atmospheric 
PBESStntB 


Temperatures, ° C. 

Values of kn per Cubic Foot. 

Ordinary. 

1. 

Absolute. 

■2. 

By Experiment. 

By Calculation 
from 

Equation (73'), 
in Ft.-lbs. 

5. 

In C.Th.XJ.* 

3. 

In Ft.-lbs. 

4. 

-273 

0 



14-0 

0 

273 

•0140 

19-6 

19-6 

100 

373 

•1409 

20-9 

21-0 

200 

473 

•0157 

22-0 

22-2 

400 

C73 

•0171 

23-9 

24-0 

• 600 

873 

•0180 

25-2 

25-2 

800 

1073 : 

•0187 

26-2 

26-1 

1000 

1273 1 

-1019 

26-8 

26-7 

1200 

1473 

•0194 

27-2 

27-1 

1400 

1673 

•0195 

27-35 

27-38 

1500 

1773 ' 

•0196 ^ 

27-45 

27-48 

CO 

00 

(.0200) 


28-0 


* Compare with column 8 of Table VI- 
upon being the mixture after explosion in a 


VOL. I 


X 
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simultaneous values of p and v taken from the 

diagram, by aid of the relation 

provided the temperature T^, at any one point 



of the diagram be knovm. The loss of heat 
to the cylinder walls was estimated by a 
comparison of the compression curve with 
the immediately following ex- 
pansion curve on the assump- 
tion that the total heat lost by 
the mixture during any, the 
same, part of the stroke is 
the same during expansion as 
during compression for the 
same mean temperature. 

Clerk expresses the Apparent 
Specific Heat, thus deduced, 
in ft. -lb. per cub. ft. of mixture 
at 0° C. and atmospheric press- 
ure; the corresponding values 
in O.Th.U. per cub. ft. are 
added in Table XI. His results 
are very closely resumed by the 
equation 

w^here a, h, and I are constants, 
and T is absolute temperature 
in ® 0. It wiU be found that 
A = 28, 6 = -5, and Z = *00186. 

For purposes of computation 
equation (73)' is more conveni- 
ently written 

logxo(l-l) =-0-30103 

- -OOOSOST, (730 
and values calculated from this 
equation are given in column 
5 of Table XI. for comparison 
with those experimentally de- 
termined. The empirical equa- 
tion (73) makes increase from 14*0 at the 
absolute zero of temperature, to an asymptotic 
value of 28*0 when T is infinite. 

§ (75). — ^Integrating equation (73) gives for the 
increase in internal energy in this case, from tem- 
perature To to temperature T, 

H- H„=rt(T- T„) + - IT _ g - 1T„). (74, 


Or, k>o, k^o being values of the apparent specific 
heats at T, To respectively, 

. {74') 

By aid of this equation, and of equation 
(73'),‘ Table XIa has been calculated, giving 
values of for this gas-engine mixture at 
every 100 degrees from 0° C. to 2500° G., 
together with values of the internal energy 
(H-Hq), in ft. -lbs. per cub. ft. at 0° C. and 
atmospheric pressure, relatively to 0° C. as 
an assumed zero. 

On p. 20 of the 1th Report of the Qas Explo- 
sions Committee of the British Association 
(1914), a curve is given showing the variation 
of internal energy wdth temperature for this 
mixture. This curve is considered to best 
resume the most rehable experimental results 
available ; it is reproduced in Fig. 33a. For 


comparison there is shown also the curve 
obtained by plotting (H - H^,) against T from 
the figures given in Table XIa. It will be 
seen, that the two curves agree very well 
from 0° C. to 1600° C., but that at tempera- 
tures above 1600° 0. the Committee’s curve 
rises somewhat abruptly above the other. 
The curve of equation (74^ results from Clerk’s 


Table XIa 


Values of k^ and (H-Hq) for ^}as Engine Mixture 
(From Clerk’s experiments) 


— 

Temperature G. 

kv 

in Ft.-lbs. 
from 

Equation (73'). 

from 

Equation 

(75a). 

in Ft.-lbs. 
from 

Equation (74') 

Ordinary. 

Absolute. 

0 

273 

19*6 

1*396 

0 

100 

373 

21*0 

1*309 

2,047 

200 

473 

22-2 

1*349 

4,202 

300 

573 

23*2 

1*334 

0,405 

400 

673 

24*0 

1*323 

8,835 

500 

773 

24*7 

1*314 

11,458 

COO 

873 

25*2 

1*307 

13,789 

700 

973 

25*7 

1*302 

10,321 

800 

1073 

26-1 

1*297 

18,900 

900 

1173 

20*4 

1*294 

21,544 

1000 

1273 

26*7 

1*290 

24,183 

1100 

1373 

26*9 

1*288 

20,875 

1200 

1473 

27*1 

1*280 

29,5(58 

1300 

1573 

27*24 

1*2845 

32,293 

1400 

1073 

27*38 

1*2830 

36,017 

1500 

1773 

27*48 

1*2820 1 

37,704 

IGOO 

1873 

27*50 

1*2812 

40,521 

1700 

1973 

27*64 

1*2804 

43,278 

1800 

2073 

27*()9 

1*2799 

46,051 

1900 

2173 

27*75 

1*2763 

48,819 

2000 

2273 

27*79 

1*2789 

51,597 

2100 

2373 

27*83 

1*278.5 

54,370 

2200 

2473 

27 -Si) 

1 *2782 

57,150 

2300 

2573 

27*88 

1*2780 

59,949 

2400 

2673 

27*90 

1*2778 

02,738 

2500 

2773 

27*92 

1*2776 

06,527 

3000 

3273 

27*97 

1*2771 

70, ,500 

1 “ 

00 

28*0 

1*2709 

oo 
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figures as given in Table NL, and is a regular 
curve with equation (74) as its Cartesian equa- 
tion. It has an asymptote H = 28(T - T^) - 4516, 
to which it rapidly approaches, as indicated 
in the diagram. 


§ (76) VAiUE OF 7 FOR THE MiXTUEE. — Here the 
relation pv—c'TH gives 

, pv 14-7 X 144x12-8 
^ T "" 273 =^9-5 ft.-lbs. per lb. 

As 1 cub. ft. at 0° C. and atmospheric pressure weighs 



The mean value of between To and T is 
H— Hg/T— To, and is therefore expressed by 

Mean£o=o-| • - (“5) 

Estimation o/ H — Ho from iht Indicator Diagram. 
— ^From equations (13) and (74'), aU quantities being 
in work-units, we have 

H-Ho=a(T-TQ)- j^hy-&Po)+ f^pdv; 

^ Jvo 

as ^u=RT, this may be written 
a 1 

B:-Ho=-(2W-53oVo)— |(^ r-^;tJo)+ I JP^V. (740 

As p, V. po, Vo, and / pdv are immediately deter- 
•JVo 

minable from the indicator diagram £ind k® and 
k^o are known from, e.g.. Table XI. for the values 
of T corresponding to pv and poVo, it is clear 
that equation (74") enables H — Ho to be readily 
ascertained. 

If in any specific case the expansion (or compression) 
curve can be resumed by an equation of the form 
pv^=Bj constant, then in such case we have by aid 
of equation (33) 

H— Ho=^^-|-j^ — ^ipv—po^o) — j(ktj — (74 ") 


■0781 lb., o' per cub. ft. =99-25 X •0781=7-75 fh-lbs. 
Also, heat quantities being expressed in ft.-lbs., 
kp—kj,=c'=l-15. But kp-- ko=kp{y— 1) ; hence 
7-75 

7=1+-^- - - * (75a) 

Thus, from Table XL we have 


Table XH 

Values op 7 from Values of Jc„ givei^ 
IN Table XI 


Temperature 
° C. 

Abs._ 

kv 

Ft.-lbs./Cub. Ft. 

y 

from 

Equation (75 a). 

0 

14-0 

1-553 

273 

19-6 

1-396 

373 

21-0 

1-369 

473 

22-2 

1-349 

673 

24-0 

1-323 

873 

25-2 

1-307 

1073 

26-1 

1-297 

1273 

20-7 

1-290 

1473 

27-1 

1-286 

1 1673 

27-38 

1-283 

! 1773 

27-48 

1-282 

“ 1 

28-0 

1-277 


These values of 7 arc plotted against the correspond- 
ing absolute temperatures in Fig. 34. For any 



308 


ENGIKES, THERMODYNMUCS OF INTERNAL COMBUSTION 


temperature interval tlie mean ralue of y can be 
readily obtained either from this curve, or more accu- 
rately by aid of equations (75) and (75a). An approxi- 
mation to the adiabatic curve for the mixture can 
then be obtained by assuming y constant at its mean 



value over a number of successive small ranges of 
temperature, and drawing a series of curves within 
each range agreeably with the equation — constant. 

From equations (9), (12), (13), and (73) we obtain 
as the equation of entropy 

-ab. I (76 b) 

•'To 

whence, putting <p-‘(po=0y'w^ have for the adiabatic 
equation 

c' log e g) =ab.£iJ.V-a log . (|) . (76o) 
The impossibility of expressing the integral 



unsuitable for arithmetical computation. When 6=0, 
equation (75b) reduces, of course, to equation (40). 

§ (77) Cleek’s Results. — Referring to 
these results of (Ferk, Callendar ^ remarks : 
“ Since the temperature of a mass of gas when 
exploded in a closed vessel or in the cylinder 
of a gas engine is far from uniform, and since 
the actual distribution of temperature is 
necessarily somewhat uncertain, it is evident 
that the variation of the specific heats of the 
constituents with temperature cannot be 
certainly deduced from a knowledge of the 
heats of combustion, and the effective 
temperature. . . . 

“ It is possible, however, by explosion 
experiments to deduce values of the apparent 
or ‘ effective ’ specific heats which, in so far 
as they approximate to the conditions existing 
in an actual gas engine, may be of greater 
practical utility than the true specific heats. 
. . . The method of Dugald CJlerk in which 
the specific heat is directly determined from 
the work done on the charge after ignition, 

^ Gaseous Fjxplosions Committee of British Associch 
tion, 1st Report, 1908, p. 27. 


appears to be particularly appropriate for this 
purpose.” 

It will be observed that Clerk's results are 
somewhat higher than those of others ; 
Callendar has stated (ibid.) that the values 
of the specific heats deduced from explosion 
experiments usually come out higher than 
those obtained by more direct methods, and 
considers thajb the errors incidental to both 
methods require further investigation. 

g ( 77 '), — ^According to the kinetic theory of gases, 
their internal energy is the sum of the translational, 
rotational, and internal- vibrational energies of their 
constituent molecules. Of these, the translational 
motion alone causes the gaseous pressure ; the 
internal- vibrational produces radiation; while the 
rotational appears to have no external physical efCect. 
Callendar^ points out also that theory indicates 
that the energies of molecular translation and rotation 
should vary directly as the product pv, while the 
vibrational energy should vary with the temperature 
agreeably with a formula of the exponential type 
Q,(e^AT„i)-*L This is symbolically expressed by 
writing 

H= internal energy =^ 33 v-l-a( 6 ^^^^- 1 )“ 


where I", a, j3, and X are constants. 

The product pv, though very nearly constant, 
appears to be expressible as a function of p and 
T; thus Kelvin {Math, and Phys. Papers, vol. i.) 
found that for the usual permanent gases, including 
CO 2 , an equation of the typo 5 )y=cT- 6 (p/T)^ will 
resume the observed facts. Taking this, wo have 
f 6 (y/T)Ha(e^A^- l)-l; whence 









T2(jP/AT_i)2‘ 


W 


From these considerations it scorns just possible 
that the extreme closeness with which Clerk’s 
experimental results are resumed by equation (73) 
may be somewhat more than a coincidence. 


§ (78) Variable Specific Heats. — In an 
ideal perfect gas both Tc^ and are constant, 
and the quantity R in the characteristic equa- 
tion py=RT . . . (12) being equal to h^-k^ 
is also constant. But, as has already been 
pointed out, equation (12) is also true for fluids 
for which k^ and k^ are any functions of T, 
provided only that {kj,-kf) is constant; and 
such fluids will obviously obey Boyle’s Law, 
since pv will still be constant when T is 
constant. Suppose, then, that ^^ = F(T) and 
A: 3 ,=F(T)-f R ; if heat dK be supplied to 
unit mass of such a fluid we shall have by 
equation (13) all heat-quantities being ex- 
pressed in work-units : 

dU = 'F{T)dT:+pdv. . . (130 


If the changes be isothermal, d(T=0, and 
hence whatever F(T) may be, we must have 
dH=73dt;= external work — as in the case of a 
perfect gas already considered. As by cqua- 


“ Ibid. p. 32. 
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tion (12) p = ‘RITIv, equation {13') gives at 
once as the equation of entropy 

(Z0=^=1^OT + R^. . (76) 

Putting d(p=0 gives as the differential equation 
to the adiabatic, 

?^W+r|"=0. . . (77) 

§ (79) Values of K^. — It is now fuUy 
established that for gases is not constant 
but that it increases with the temperature 
(and probably changes slowly also with 
density), and the results of experiment are 
very commonly resumed by simple equations 
of the form 

K=a+^T. . . . (78) 

Thus Clerk has given the folio whig as fairly 
resuming Mallard and Le Chatelier’s experi- 
mental results : 


Gas. 

l*y=a+)3T = 

Nitrogen .... 

Steam 

CO 2 

Oxygen .... 

•17H--0000215T 

•311G-f-000182T 

■1423^-0000834T 

•150-f*0000188T 


in C.Th.U. per lb., and T in ° C. (abs.). 

It may be pointed out here that in all cas^ where 
the efficiency of a cycle is espressible by equation 
(71), any increase in the value of diminishes the 
efficiency, and vice versa. Tor denoting efficiency by 
7], and putting for ( 7 — 1), equation (71) becomes 

/T\ 

; • • • (71a) 

and differentiating all across with respect to k^ gives 


dyj 

If: 




(71b) 


As R, h^, and p are ^sentially positive, and p is 
always > 1 , drjjdk^ is always negative, and thus dij 
and dk^ have opposite signs. 

§(80 ) Estimatioit of H-Hq from Iroi- 
CATOR Diagrams. — ^When is expressed in 

the simple form as given in equation (78), we 
have for the increase in internal energy at 
constant volume corresponding to a change of 
temperature from To to T, 

H-H„=a(T-T„) + |(T®-T„=). (79) 


Prom equations (13) and (79), when v changes, aU 
quantities being expressed in work-units, 

H-H<,=a{T-T.)+|(T2-To=)+ | 

As p 2 ;=RT . . . (12) this may be written 

H»Ho=(pv-po« 5 o)||;+p(pv+po^o)|-i-J pdv, 

(790 


and all the quantities on the right-hand side of tbi? 
equation being immediately determinable from the 
indicator diagram, the value of H-Ho is known 
when using any working mixture for which a and yS 
and R have been previously ascertained. 

Whenever the expansion or compression curve can 
be expressed in the form constant, equation 

(79') by aid of equation (33) takes the simple form 


(79*) 

Also equation (7C) become 

‘^^'=(|+j 8 )<®+R* . . (80) 

the differential equation of entropy, giving on 
integration 

^>-^o=“log» (0 +/3(T-T„)+RIog, (^J. (81) 

whence, putting we have as the adiabatic 

equation in terms of v and T, 

“■log=(0 +Rlog6(0 +^(T-T„)=0, (82) 

which is also sometimes written in the form 




(820 


Prom the relation py=RT, equations (82) and (820 
may also appear as 

aloge(^) +(a-|-R)loge^^^ +^(2W-Poro)*=0, 


or 

And 


/p \ a /u \ a-f E pvVo) 

W \vj " 


(83) 

(83') 


(a+R)loge(0 +KIoge(0 +^(T- 
fPo\ R /T \ a+S 

“ [pj y ^ 


T<,)-0,(84) 


. (840 


On putting /3=0, equations (82), (83), and (84) reduce 
to equations ( 22 ), ( 20 ), and ( 21 ) respectively. 

The adiabatic curve may be drawn from a given 
initial condition {po'^' 0 ^ 0 ) by assuming any T and 
thence determining the corresponding v from equa- 
tion (82) or p from equation (84) ; the remaining 
quantity is then immediately found by aid of the 
equation pz;=RT. 

§ (81) Otto Cycle with Variable Specifig 
He at. — It is of interest to compare the 
efficiency of the Otto cycle using a fluid of 
variable speciflc heat with that obtained on 
the usual simplifying assumption that 7c^ is 
constant, as in §§ (36) and (45) ; the data 
assumed are as in § (51), viz. ^o=3C)0° C. (abs.), 
ic=600° C. (abs.), T=2000° C. (abs.), and 
Po = 14'7 lbs. per sq. in. (abs.) ; see Fig. 21. 

Insteaff of air, the working fluid is now 
1 cub. ft. at 0° 0., and atmospheric pressure, 
of Clerk’s gas-engine mixture as described in 
§ (74), obeying the law 

144pr=7-754T. . , (12") 
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The variation of with temperature is 
exhibited in Fi(]. 35, plotted from Table XI., 
and from this curve the following linear 
formulae are easily deduced for the value of 
hy over the four temperature ranges taken : 


Temperature Range in ° C. 
(Abs.). 

kv in Ft.-lbs./Cub.Rt. 
a-{-/5T. 

300-600 

lG-8-f*011T 

GOO-1000 

19-G5 + -000251 

1000-1500 

23-2-I--0027T 

1500-2000 

2G-5-1--0005T 


Then to obtain points on the adiabatic 
compression curve we have the relations 
u = (300/273) X 1 = T0989'Cub. ft., whence equa- 
tion (82) becomes, using common logs, 

(fo^) 

+4343 x-011(T- 300) =0. 
Assuming a series of values of T between 



300° C. and 600° C., this equation gives 
immediately the corresponding values of v ; 
and p is then found from v by aid of equation 
(12''). Proceeding in this way we get 

T= 300 350 400 600 COO 

v== 1-0989 0-7330 0-5113 0-2736 0-1599 

p== 14-7 25-7 42-2 98-5 202 

from which the compression curve can bo 
plotted. The explosion pressure P is obtained 
from P/pg=:T/i{g ; thus substituting the values 
P = 202 X (2000/600) = 673*3 lbs. per sq. in. 

The adiabatic expansion curve may next 
be obtained by the same method as that 
adopted for the compression curve, taking 
a =26*5 and ^ = -0005 from 2000° C. to 
1500° 0., and a = 23*2, /3 = *0027 from 1500° 
C. to 1000° C. ; this furnishes the following 
figures : 


T= 2000 

1900 

1G50 

1500 

1250 

1100 

u = -1599 

•1918 

•315G 

•4413 

•8306 

1-28 

p== G73 

532 

282 

183 

81 

4G 


The j9V-diagjam plotted from these results 
is shown in Fig. 30; it will be noted, by 


comparison with' the results obtained in § (51) 
for the case in which is constant, that 
working between the same limits of tempera- 
ture, and with the same temperature of 
compression, the ratio of expansion with 
variable specific heat is 6-87, as compared with 
5-47, when is constant ; while the maximum 
pressure with variable 1c^, due to the greater 
com])ression ratio, is also greater than that 



in the simpler ■ case. In an actual engine the 
total expansion ratio is fixed ; taking this 
at 5*47, as in the case of § (51), we shall 
have for the volume during explosion 
v^=l'09S9/5‘4:7 —0’2009 cub. ft.; the coito- 
sponding compression temperature; from 
equation (82), will be t^=556° 0. (abs.), and 
pressure, from equation (12"), = lbs. per 

sq. in. abs. (approx.), whence the exidosion 


» jjjagram 01 Otto Cycle when AyS a-f/JT" 



pressure is now reduced to P = (T/ypo=536 
lbs. per sq. in. (abs.). The diagram for an 
expansion ratio 5-47 is shown by dotted linos 
in Fig. 36. 

§ (82) Otto Cyolh Tbmpibratttrb Entropy. 
— The temperature-entropy diagram for tho 
300°-600°-2000° C. case of Fig. 36 is exhibited 
in Fig. 37, the curved portions being obtained 
by aid of equation (81), using corresponding 
values of T and v already obtained. The effici- 
ency, being the ratio of KCFHK to MCFNM, 
may be found either by planimctric measure- 
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ment of these 'areas, or by direct calculation 
of the quantities of heat received and rejected 
at constant volume from equation (79), the 
value of Tg (at H) being taken from the T — 0 
diagram ; both methods agree in giving 0-44 as 
the value of the efficiency. 

With constant specific heat it has already 
been shown that for the Otto cycle the 
efficiency is 1 {vide equation (70) 

and § (45)) ; thus when is expressible in the 
form a+ and — h^) is constant, efficiency 
is diminished. 

§ (83) Otto Cycle Ideal Efficiency. — 
CJlerk ^ has calculated by a method of suc- 
cessive approximations values of the ideal 
efficiency of the Otto cycle when using the 
mixture of gases whose Apparent Specific 
Heat is as given in Table XI., and his results 
are given hereunder; corresponding values 
of efficiency with constant are given, 
calculated from equation (71) ; it will be ob- 
served that the efficiency with variable is 
always less than that with constant : 

Table XIII 


Ideal Efficiencies op Otto Cycle compared. 
Initial Temperature 273® C. (Abs.) ; y fob 
Compression taken as 1-37 {vide Table XII.). 



Upper Limit 
of Temperature. 

Efficiency with 

X*u Constant 
(Equation (71)). 

3. 

1873“ C. 
(Abs.). 

1. 

1273“ C. 
(Abs.). 

2^ 


•105 

•200 

•246 

h 

•286 

•293 

•360 

i 

•354 

■356 

-430 

i 

•384 

•394 

•480 

1 

' 1 

•439 

•443 

•550 


§ (84) Efficiency ; “ Am Standard.” — ^I t 
has already been pointed out (§ (37)) that 
if 1/p denote the value of the adiabatic com- 
pression ratio in the three ideal cycles of con- 
stant pressure, constant volume, and constant 
temperature, then the efficiency is, in each 
case, exi)ressed by the same formula, viz. 

Efficiency = 1- 

If the working fluid be air assumed as 
possessing a constant value of 7 = 1*4, this 
equation becomes 

/ 1 \ 0 '^ 

Efficiency =1 — , . (71') 

and in this form is termed the “ Air Standard ” 
of efficiency, and has been largely employed in 
the past as representing the theoretical maxi- 
mum of performance for any given value of p. 

1 Proc. Inst. C.E., 1907- 
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It is clear, however, from the above dis- 
cussion that when the specific heat is vari- 
able, and not constant, that equation (71') 
represents an unattainable ideal. Clerk has 
pointed out that in the cases taken in Table 
Xin. the “ air standard ” values are roughly 
about 20 per cent too high. Much more 
information is, however, still required before 
even the apparent specific -heat values are 
accurately known for the various mixtures 
of gases and vapours employed in gas and 
oil engines. When these values become 
accurately assignable each engine can be 
separately investigated and the real efficiency 
of its working fluid determined. The propor- 
tion home by the actual thermal efficiency 
as determined by test to the real efficiency 
will then give a true measure of the degree 
of excellence of its performance, and indicate 
the exact margin remaining for improvement. 

On the general question of the values of 
X'j, and for gases and gaseous mixtures 
reference may be made to the 1st and 2nd 
Reports (1908-9) of the Gaseous Explosions 
Committee of the British Association. Clerk 
{Proc. I.C.JS., 1907), however, makes the useful 
suggestion that if 7 be taken at the constant 
value 1*285 for the expansion curve, and at 
1*370 for the compression curve, then for the 
ranges of temperature met with in gas-engine 
practice no serious error is introduced. 

D. c. 

G. A. E. 

ENGINES, SOME TYPICAL INTERNAL 
COMBUSTION 

§ (1) The “ Internal ” Combustion engine !s 
so called because the gaseous or vaporised 
fuel, mixed with air, is burned or exploded 
within the working cylinder itself in contrast 
with earlier types of heat engine in which 
the working fluid, steam or air, is generated 
or heated by an external furnace. For the 
history of the development of the Internal 
Combustion engine reference may he made to 
Sir D. Clerk’s work on The Gas, Petrol, and 
Oil Engine (Longmans, 1909). 

The engineering thermodynamics of Internal 
Combustion engines are dealt with in the 
article “ Engines, Thermodynamics of In- 
ternal Combustion ” ; in this article some 
account is given of typical actual engines. 

§ (2) The Cycle. — All modem int-emal com- 
bustion engines work on either the four-stroke 
or two-stroke cycle, with combustion either at 
constant volume or at constant pressure, or at a 
combination of both these methods. Of these 
the constant volume (Otto) four-stroke cycle 
engines form by far the largest class. A very 
great deal of attention is, however, now being 
given to the improvement of the two-stroke 
cycle engine, which has long been established as 
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a reliable and economical prime mover in largo 
stationary engine practice, and is now rapidly 
increasing in favour, in single- and two- 
cylindered designs, in the small quick-speed 
petrol tyq^es used in the propulsion of motor- 
launches and cycles on account of its great 
simplicity and relatively low production cost. 
Its extended adoption in motor veliicles in 
general is regarded as not unlikely in the near 
future. 

The constant pressure class, typified by the 
Diesel engine, in both four-stroke and two- 
stroke designs, includes also the somewhat 
numerous so-called “ semi-Diesel ” engines, of 
which one is described and illustrated later. 
In these “ semi-Diesel ” oil engines the fuel 
admission is, in general, so regulated that 
combustion takes place partly at constant 
volume, and partly at (approximately) con- 
stant pressure. 

§ (3) The Fuel. — The fuels now success- 
fully employed are also numerous and various. 
Among gaseous fuels are : —Coal gas ; pressure 
and suction producer gases (Dowson, Mond, 
National, Crossley, etc.) ; coke oven gas ; 
blast furnace gas ; natural gas (mainly in the 
U.S. ; principally CH4) ; and water gas. Of 
liquid fuels may bo mentioned petrol ; kero- 
sene (paraffin, or lamp oil) ; intermediate oils ; 
gas oils ; crude oils (filtered and freed from 
volatile constituents) ; residual oils ; benzol ; 
shale oils ; coal tar oils ; lignite oils ; and 
alcohol ; and mixtures of these, as, e.g.f of 
petrol, benzol, alcohol, and kerosene. Solid 
fuels are not yet practicable, though, in the 
laboratory, Diesel engines have been made 
to run on coal dust, and engines of the Otto- 
cycle motor-car type on naphthalene. 

§ (4) The following have been selected for 
description and illustration as typical engines 
exemplifying present-day practice : 

A. Constant Volume Type 

(a) As a four-stroke Stationary Horizontal 
Single -cylindered engine of medium power 
— the 100 Horse -power “National” gas 
engine. 

(b) As a four-stroke Stationary Vertical 
Multi-cylindered engine of medium power — 
the Two-crank, 300 Horse-power, Tandem 
Four-cylindered engine of the National Gas 
Engine Co. 

{c) As a four-stroke Stationary Horizontal 
Two-cylinclered engine of large power — the 
Double - acting Tandem Single - crank 2500 
Horse-power Nuremberg gas engine. 

(d) As a two-stroke Stationary Horizontal 
Single-cylindered engine of small pc»wcr — 
the early Clerk gas engine. 

(e) As a two-stroke Stationary Horizontal 
Single-cylindered Double-acting engine of ' 
large power — the Korting gas engine. 

(/) As a special two-stroke Stationary Hori- 


zontal Single-cyHnderod Singlo-acfcing engine 
of large power — the Oechelhauser gas engine. 

(q) As a tyiucal “ Paraffin ” engine — the 
. Hornsby- Akroyd oil engine. 

B. Constant Pressure Type 

(/i) A description is given, with illustra- 
tion, of a normal four-stroke Diesel engine, 
Avith some account of the two-stroke Diesel, 
and an illustrated description of a Ruston 
“ semi- Diesel ” engine. The large class of 
small, usually multi-cylindered, quick-revolu- 
tion internal combustion engines as used for 
the propulsion of motor vehicles, launches, 
aircraft, etc., form the subject of a separate 
section. 

§ (5) (a) The 100 H.P. Horizontal 
“ National ” Gas Engine, (i.) Description . — 
A vertical longitudinal section of this single- 
cylindered engine is shown in Fig. 1. Within 
the “ working barrel ” or “ cylinder liner ” 
AA sUdes a cast-iron piston BB attached to 
the crank-shaft by the connecting rod CC. The 
piston fits the cylinder very accurately, but 
complete gas-tightness is ensured by six cast- 
iron spring rings DD. The piston is oiled by 
means of the lubricator E, and through the 
hole shown in the piston “ skirt ” oil is also 
enabled to reach the “ small end ” or “ gud- 
geon bearing ” of the connecting rod. At the 
left-hand end of the cylinder is the combustion 
chamber H, within which are placed the inlot 
valve I and the exhaust valve K ; holes above 
these valves, filled by easily removable plugs 
LL, permit thorn to be readily withdrawn for 
examination and repair or roplacomont. 

The working barrel of the cylinder, the 
combustion chamber, and the valve casings 
are all well cooled by a w^ater jacket WWW ; 
it will be seen that the combustion chambor 
is a casting separate from that of the working 
barrel, and that the inlet valve casing is also 
a sex)arate casting. By disconnecting those 
three castings all jacket water spaces are 
exposed, and can bo thoroughly cleansed from 
deposit ; as pointed out in the article “Engines, 
Thermodynamics of Internal Combustion ” 
(§ (62)), adequate cylinder and combustion 
chamber cooling becomes a matter of increas- 
ing importance as the dimensions of gas 
engines become . larger. The arrangement 
here adopted necessitates making a double 
joint ; of these the inner is made with asbestos, 
and is screwed up hard so as to be tight under 
the explosion pressure ; the outer joint, 
having only to maintain jacket water tight- 
ness, is made with yielding rubber. The valve- 
stem guides are also separate castings easily 
replaceable after wear ; in the case of the 
exhaust valve it will be seen that the design 
permits close access of cooling water all round 
the stem ; the exhaust valve seat is also so 
arranged as to be efficiently water-cooled. 
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The cylinder has a hore of 16 inches with a 
piston stroke of 22 inches ; the piston and valves 
are not -water-cooled. The working barrel, or 
cylinder liner, IVIM, is screwed -up hard to the 
combustion chamber casting at the rear (left- 
hand) end, while at the front end an expan- 
sion joint is provided with the jacket 
casing PP ; the working barrel becomes much 
hotter than the outer casing of the jacket, 
and it is very necessary to make pro-vision 
in this way for the difference of expansion 
thus arising in order to prevent the crea- 
tion of large in-temal straining actions -with 
consequent risk of distortion or rupture of 
castings. 


and air is drawn into the cylinder ; (3) -the 
second in-stroke then follows, compressing 
this fresh charge into the combustion chamber 
H ; (4) at the commencement of the next 
out-stroke the mixture is ignited by a spark 
at the ignition plug )S, explosion occurs, and 
the piston is driven forward. This cycle is 
then repeated continuously so long as the 
engine runs. 

It will be seen, therefore, that the engine 
works upon the Otto, or four-stroke, cycle, 
of suction, compression, working, and exhaust 
strokes, and that the piston accordingly 
receives one working impulse in every two 
revolutions of the crank-shaft ; the momentum 


A light cast-iron oil trough RR fitted in the 
crank-pit preven-bs was-be oil from saturating 
the engine foundations. 

(ii.) Method of Working . — To start the 





Tig. 1. — National Gas Engine. 

engine, the fly-wheel is puUed round hy hand 
until the piston has definitely commenced its 
working stroke ; an explosive mixture of 
coal gas and air is then pumped by hand, 
through a* small auxiliary valve, into the com- 
bustion chamber ; failbig coal gas a small 
quantity of petrol is used. The explosive 
mixture thus introduced is then fired by a 
spark at the ignition plug S obtained hy 
operating the (low-tension) magneto by hand. 
A working stroke of the piston immediately 
occurs, and considerable momentum is im- 
parted to the fly-wheel ; the subsequent order 
of operations is as foUow's : 

(1) During the return stroke of the piston 
the exhaust valve K is lifted and the burnt 
gases are discharged through the exhaust 
pipe, and silencing apparatus, into the atmo- 
sphere ; (2) during the second out-stroke the 
inlet valve I is open and a fresh charge of gas 


of the very massive fly-wheel T preserves the 
necessaiy degree of uniformity of rotation. 

The engine is governed by a variable admis- 
sion device operated by a governor of centri- 
fugal type by which the mass of the charge 
and also the supply of coal gas are reduced 
as the load on the engine is diminished. 
Below quarter load the governor acts by 
cutting out ignition. 

(iii.) Details of W orhing . — The ratio of com- 
pression, 1/p, is about 1/5-5, whence by equa- 
tion (71') of the “ Engines, Thermodynamics 
of Internal Combustion,” article, the “ air 
standard” efficiency is 1 - (l/p)°*^ = 0*4&4 ; "with 
this value of 1/p, which corresponds to a com- 
pression pressure of about 140 lbs. per sq. 
in. (abs.), pre-ignition is avoided -without the 
necessity of injec-ting a spray of water into 
the cylinder at full load running. If p deno-be 
the mean effective pressure during the working 
stroke, in lbs. per sq. in., as ascertained from 
an indicator diagram, and if 

d= Diameter of pis-ton, in inches, 

Stroke of piston, in inches, 

•n =N^uLmber of revolutions per minu-te of 
crank-shaft, 

then the work done by the engine is expressed 
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by 7r/4 xd^ xp x s!l2 x nj2 foot-lbs. })er minute, 
and the indicated horse-^oower (T.H.P.) is 
l/33000th of this, whence 

I.H.P.=992.d25?i:pxlO-^ . (1) 

The Brahe Horse-power (B.H.P.) is less than 
the I.H.P. by the power necessary to over- 
come the frictional and fluid resistances of 
the engine itself ; the ratio B.H.P, /I.H.P. is 
termed the mechanical efficiency of the engine, 
and is usually denoted by the symbol 7 ? ; 
hence, as 77 =B.H.P./LH.P., we have from 
ecLuation (1) 

B.H.P. = 992 . dhyirjp x IQ-^. . . (2) 
The product rjp is termed the “ brake mean 
effective pressure,” and is largely used in 
calculations of the performance of small fast- 
running internal combustion engines of the 
petrol motor type with which it is impossible 
to obtain reliable indicator diagrams under 
ordinary circumstances. 

The total distance, <t feet, covered by the 
piston in one minute is termed the “ piston 
speed,” and is evidently eq^ual to 2n x sj\2 ; 
thus ^ 

Piston speed = cr=~. . . (3) 

(iv.) Performance. — The performance of this 
100 h.p. National gas engine has been ascer- 
tained by numerous tests in practice, and has 
been found to be as follows : 


Fuel tiaed. 

Maximum. 

I.B.P. 

Maximum. 

BH.P, 

Mechanloal 

Effleiency. 

I?* 

Coal gas . 

111*2 

94*2 

•847 

Benzol 

99*5 

82*5 

•830 

Anthracite pro- 
ducer gas j 

93*7 

76 7 

•819 

Coke producer \ 
gas / 

88*0 

71-0 

•807 


the revolution speed being 210 per minute. 
It vdU be noted that at this speed the power 
required to overcome engine frictional and 
fluid resistances is 17 I.H.P. From equation (1) 
the corresponding mean effective pressures are, 
in lbs. per sq. in. : 


Fuel. 

3 ? = 

■nP= 

Coal gas 

95 

80-5 

Benzol 

85 

70-5 

Anthracite producer gas . 

80 

65-5 

Coke producer gas 

75 

60-5 


while the piston speed corresponding to 
210 r.p.m. is 770 feet per minute. 

Horizontal single-cylindrical “ National ” 
gas engines of this type are built up to a 
maximum of 185 brake horse-power ; for 
higher powers multiple cylinders are used, in 
both horizontal and vertical arrangements ; 
one of the latter is next described. 


§ ( 6 ) (b) The 300 H.P. Vertical “National” 
Gas Engine, (i.) Description. — A transverse 
section of this four-cylindered two -crank 
tandem gas engine is shown in Fig. 2. 

The engine comprises two pairs, each con- 
sisting of two cylinders A and B placed one 
above the other, each pair being connected by 
a connecting rod C with a crank D ; the upper 
pistons are each 18 inches in diameter and the 
lower each 17 inches, with a stroke of 18 
inches ; and the engine runs normally at 
300 revolutions per minute, so that the piston 
speed (equation (3)) is 900 feet per minute. 

The upper and lower piston of each pair are 
connected by a cast-iron sleeve, or distance 
piece, 4 1 inches in diameter, through which 
passes a long nickel steel bolt by means of 
which the three pieces arc tightly held together ; 
the pistons are not water-cooled but are cast 
with an internal conical web EE which assists 
in the conduction of heat from the piston 
crown — normally one of the hottest parts of 
an internal combustion engine. Gas-tightness 
is ensured by the five cast-iron spring rings 
shown ; near the bottom of tho^ skirt of the 
lower piston is placed a sixth, or “ scraper,” 
ring, to prevent the passage past the piston of 
oil from the crank chamber. 

The lower portion of the upper cylinder 
contains only air, which is alternately com- 
pressed and expanded during tlio running of 
the engine, and by its “ cushioning ” action 
contributes greatly to softness of running by 
assisting to reverse the motion of the pistons 
when at the bottom of their stroke ; the cranks 
are also balanced to further aid smoothness in 
running. 

Each cylinder liner with its water jacket 
casing is a separate casting, but there is a 
gap at the lower end of each between liner and 
casing which is fitted with a water-tight pack- 
ing ring so arranged as to permit any relative 
movement due to difference of expansion j 
the lower portions of the cylinder finers are 
not water- jacketed. 

The inlet valves I, I' and exhaust valves K, 
K' open into a common port, and are placed 
one above the other, the inlets being on top. 
Both inlet and exhaust valves arc of cast- 
iron, as are also the oonod scats in wdiich they 
rest ; the seats are, however, soi)arate rings 
capable of easy removal and roplacomont 
after wear. The inlet valves carry on their 
stems gas valves M, M', which have no seats, 
but slide within a well-fitting cylindiical 
housing ; the gas and air supply passages are 
formed by the partitioned casing N, N'. The 
gas valves M, M' open later and close earlier 
than the charge inlet valves I, I' ; this prac- 
tice is common to all largo gas engines and is 
adoi)ted to avoid risk of pre-ignition of fresh 
charge by any residual smouldering or highly 
heated exhaust gas remaining over from the 
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pre\doTis cycle. When the inlet valve opens the charge inlet valve I closes, N'is filled with 
at the end of the exhaust stroke the com- pure air in readiness for the commencement 
bustion chamber contains hot burnt gases of the next suction stroke, 
from the previous explosion ; the first inrush A centrifugal shaft governor regulates the 



of pure air cools this, and the subsequent supply of mixture to the engine by the “ quan- 
supply of mixed gas and air can then safely tity” method, in which the composition of 
enter. Towards the end of the suction stroke the charge remains sensibly constant, while 
the gas valve closes, and the final suction is its mass is varied to suit the load, 
from the lower air chamber N' only ; thus when Forced lubrication is used for all recipro- 
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eating and rotating parts, the oil being supplied 
by engine-driven valveless pumps at a pressure 
of 20 lbs. per sq. in. ; after use the oil returns 
to the crank casing and drains into a “ sump,” 
where it is filtered before passing into the 
oil pumps by which it is again delivered to 
the bearings. The lower cylinders are lubri- 
cated by the oil which comes from the cross- 
head or “ gudgeon ” hearings, while the upper 
cylinders and metallic-packed joint of the 
piston rod where it passes between the two 
cylinders are supplied by a sight-feed lubri- 
cator fed by a small pump operated by the 
engine. Starting is effected by means of 
compressed air. Ignition is by high-tension 
magneto, with two “sparking plugs” PP in 
each cylinder. 

The arrangement of the valve-driving shaft, 
which is gear-driven from the crank-shaft so 
as to run at half -speed in a four-stroke cycle 
engine, is clearly indicated in the figure ; 
the cams and rollers by which the valves are 
operated are of ease-hardened steel. 

(ii.) Performance. — On test, one of these 
engines developed 404 indicated horse-power, 
and 362 brake horse-power at 299 revolutions 
per minute ; the power was absorbed by a 
Heenan and Froude hydraulic brake. These 


the knowrr value 0-S9G, we have also for the 
meair effective irressure, jp=:57/*89G = G3-6 lbs. 
per s(p in. 

Tandem single-acting vertical engines of 
this type are made from 185 to 1000 horse- 
power ; the 1000 H.P. engine has eight 
cylinders (four pairs) operating four cranks. 
The cylinders of each pair are 22 inches and 
23 inches in diameter respectively ; the stroke 
is 24 inches, and the normal revolution speed 
is 200 per minute, the corresi)onding piston 
speed being 800 feet per minute. 

§ (7) Relation of Weight to Poweh. — In 
all engines the weight per unit of power 
developed increases with increase in dimen- 
sions, and this is one of the reasons in favour 
of the adoption in many cases of the multi- 
cylindered design. The following Table, com- 
piled from actual engines, brings out this point 
clearly ; the rated B.H.P. is given, using blast- 
furnace gas as fuel ; and the engine weights 
per B.H.P. are given exclusive of weight of 
fly-wheel. In large horizontal tandem double- 
acting gas engines the inclusion of the fly- 
wheel weight adds from 50 to GO lbs. to the 
weight per B.H.P. The fly-wheel alone of a 
1500 B.H.P. engine of this type commonly 
weighs about 35 tons. 


Table I 

Weights per B.H.P. of Different Types of Gas Engines 


Bated 

B.H.P. 

1. 

Single or 
I>ouble 
Acting. 

Piston 

Diameter X Stroke 
(Inches). 

3. 

No. of Cylimlers tind 
Arrangement. 

4. 

2-Stroke or 
4-atroke 
Cycle. 

5 . 

EevolutiouH 

pur 

Mlnnto. 

6. 

Piston 

Spouil 

Pt./Min. 

Weight per 
Rated R.U.P. 
(Lbs.). 

8. 

750 

S.A. 

18 xl8 

6 ; 3 pairs ; vertical 

4 

300 

900 

117 

1250 

S.A. 

26 x24 


4 

200 

800 

150 

800 

D.A. 

28 x34 

2 ; tandem ; horizontal 

4 

130 

736 

240 

110 

S.A. 

20 x31 

1 ; horizontal 

4 

170 

567 

270 

1000 

D.A. 

32 x40 

2 ; tandem ; horizontal 

4 

110 

733 

270 

800 

S.A. 

511^x55 

1 ; horizontal 

4 

75 

470 

448 

400 

S.A. 

24 x30 

1 ; 2 pistons ; horizontal 

2 

130 

C50* 

179 

1000 

S.A. 

34 X 37. V 


2 

125 

781* 

179 

750 

S.A. 

30 x37.^ 


2 

125 

781* 

185 

400 

D.A. 

221 xm 

1 ; horizontal 

2 

110 

725 1 

196 

600 

D.A. 

27-Jx48 


2 

90 

720 1 

220 

1000 

D.A 

371x63 


2 

70 

735 t 

231 

1500 

S.A 

42 x61 

1 ; 2 pistons ; horizontal 

2 

94 

797* 

2G9 


* The relatwe piston speed is twice as great in these, the “ Oechelhaiiser " engines ; sec §(11) infra, 
t Koerting Engines ; see § (10) infra. 


results give the high value *896 for the 
mechanical efficiency ; to determine the 
value of r}2'), equation (2) must obviously be 
modified for this case and written 

B.H.P, =2 X 992 X lO-^ x snrjp . (D^s + 

W 

and D., being the respective piston 
diameters, and d that of the piston rod ; all 
in inches. 

Eor a B.H.P. of 3G2, this equation gives 
7)p-(y7 lbs. ])er sq. in. As in this case v has 


§ (8) (c) The Tandem Horizontal Nurem- 
berg Engine, (i.) Description . — The design 
selected as typifying a modem big four-stroke 
gas engine is that of the 2500 horse-power, 
two-cylindered, tandem, double-acting, hori- 
zontal, single-crank engine of the Maschinon- 
Fabrili Augsburg Nurnberg A.G. — usually 
styled, for brevity, the Nuremberg Co. — of 
which a longitudinal section is given in Pig. 3. 
The two cylinders A, A.' are placed in line, with 
their pistons mounted on a common piston 
rod BB, to one end of which the connecting 
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rod 0 is attached ; the whole power of the 
engine is transmitted by this connecting rod 
to the single crank D ; the crank-shaft carries 
a massive fly-wheel, by the momentum of 
which the necessary degree of uniformity 
of revolution is maintained. This engine is 
double-acting, that is, each cylinder is closed 
at both ends, and both sides of each piston 
receive power impulses. As a single-acting, 
single-cylindered, four-stroke engine receives 
one power impulse in every four strokes of its 
piston, it is clear that in this case as the 
power impulses are four times as frequent 
there is a power impulse at every stroke ; 
the engine thus runs with very little variation 
in its revolution-speed. 

(ii.) Cooling Arra7ig&menU.--r~'^xit\^ practice 
so far has generally favoured the single-acting 
uncooled piston, on the score of simplicity 
in details, and this practice has limited piston 
diameters to a maximum of about 26 inches. 
With a big double-acting engine, water- or 
oil-cooling of the pistons, and even also of 
the exhaust valves, becomes necessary. In 
this case the pistons only are water-cooled, the 
water being introduced through the hollow 
piston rod as shown in the illustration. 

The cylinders and cylinder covers are, of 
course, also water- jacketed ; the ample water- 
spaces provided will be noted in the section, 
and it will be seen that care has been taken 
to bring the water close up to the valve 
seatings ; it is found that a water pressure 
of about 15 lbs. per sq, in. above atmosphere 
suffices to maintain an efficient circulation 
through the jackets. For the piston rod and 
pistons, however, it is found necessary — on 
account of their reciprocating motion — to 
provide a water pressure of from 45 to 65 lbs. 
per sq. in. Water from the main is frequently 
available at this pressure, hut when this is 
not the case a pump is provided, driven by 
the engine, which delivers the cooling water at 
the necessary pressure. 

The water-cooling system is well arranged 
throughout ; each cylinder is fitted with an 
open water-tank into which all water drain- 
pipes discharge in full view of the attendant, 
and each discharge is provided with a thermo- 
meter and a regulating valve so that the 
temperature of each part can be adjusted 
independently as desired. To avoid the 
necessity of shutting each outlet valve when 
the engine is stopped, a main stop valve is 
fitted in the supply pipe, and this valve is 
closed only when the engine is not running, 
(iii.) Lubricatio7i . — The lubrication of the 
external bearings is effected from a large oil- 
tank situated above the engine from which 
the oil is conducted through pipes of ample 
diameter fitted with regulating valves, to the 
various points. Surplus oil is drained away 
and collects in a sump in the engine house. 


where it is automatically filtered and then 
returned to the supply tank by a pump driveii 
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regulated. The piston rod stuffing-boxes are 
packed with a series of rings of similar section 
each in three parts, made alternately of cast- 
iron and white metal ; these are pressed against 
the surface of the rod by symmetrically 
disposed circumferential helical -springs ; lubri- 
cating oil under pressure is delivered into the 
middle of each stuffing-box. Wear is found 
to be very small, and is confined to the 
packing rings, which are easily adjusted or 
renewed. 

In illustration of the efficiency of the 
cooling and oiling arrangements provided in 
these large engines, it may be stated that 
a Nuremberg engine of 2000 horse-power 
working with blast-furnace gas ran day and 
night for a period of nineteen months. The 
engine was actually running for 98-3 per cent 
of the possible working hours, and the 1*7 per 
cent of stoppages were due to works repairs 


the piston rod in the stuffing-boxes ; this not 
only saves wear but also considerably reduces 
the internal friction of the engine. Gas- 
tightness of the pistons is ensured by six self- 
tightening packing lings. 

(v.) Governors . — The engine is governed on 
the “quantity” method, by which the com- 
position remains practically constant, while 
the mass admitted is proportioned to the 
power output required. Should the quahty 
of the gaseous fuel vary, the ratio of gas to 
air can be adjusted by band while the engine 
is running. 

Two ignition plugs are fitted in each 
cylinder, actuated by small electromagnets 
forming part of the plugs. 

(vi.) Perfor7nckn.ee. — Table IT. gives the 
results of tests on a 1200 brake horse-power 
Nuremberg engine using blast-furnace gas 
having a boat value per cubic foot of about 


Table II 

Test Eestjlts eeom a 1200 B.H.T. Tandem D.A. Nurembeug Engine 


Item. 

1 . 

2. 

3. 

4. 

r>. 

0 . 

7. 

Buration of test, minutes 

33-0 

28-0 

29-0 

26-8 

25-8 

26-8 

25-3 

Revolutions per minute , 

106-0 

105-8 

106-3 

106-5 

106-1 

105-8 

105-6 

Mean effective pressure, p, in lbs./ \ 
sq. in. (average of both cylinders) / 

30-4 

42-5 

60-0 

68-7 

71-4 

73-1 

75-3 

LH.P 

577 

807 

1146 

1312 

1359 

1383 

1427 

B.H.P 

280 

557 

871-5 

1037 

1115 

1147 

1186 

LH.P.-B.H.P. .... 

297 

250 

275 

275 

244 

236 

241 

Mechanical efficiency 

•485 

•690 

•762 

•700 

•821 

•830 

•831 

Value of rjp in Ibs./sq. in. 

14-7 

29-3 

45-7 

54-3 

58-6 

60-7 

62-6 

Cub. ft. gas per LH.P. hour . 

101 

100-6 

91-5 

86-9 

87-2 

85-6 

84-6 

Cub. ft. gas per B.H.P. hour . 

208 

146 

120 

110 

106 

103 

101-8 

Heat value of gas, C.Th.U./cub. ft. 

49-2 

49-2 

49-7 

49-8 

50-4 

49-4 

48-8 

C.Th.U. per LH.P. hour , . . 

4,969 

4950 

4548 

4328 

4395 

4224 

4128 

C.Th.U. per B.H.P. hour. . 

10,245 

7174 

6969 

5480 

6353 

5090 

4968 

Indicated thermal efficiency . 

•286 

•286 

•311 

•326 

•322 

•336 

•343 

Brake thermal efficiency ... 

•138 

•197 

•237 

•258 

[ -264 

1 -278 

•286 


and in no way to any defect of the engine. 
At the end of this long period of service the 
engine was reported as in excellent working 
order, and continued in operation. 

(iv.) Piston Bods . — An important detail of 
construction is that whereby the heavy ’water- 
filled pistons are prevented by their weight 
from causing “ o vailing ” or undue wear of the 
lo'wer portions of the cylinders and stuffing- 
boxes. The long hollow thick-walled tubes 
of which the piston rod is built up are turned 
with a slight upward camber so that the rod, 
when loaded with the pistons, and supported 
by the three crosshcads E, E, E, is exactly 
straight ; arrangements are also provided in 
addition whereby each piston can be readily 
adjusted independently to the exact centre of 
its owm cylinder. The whole weight of- the 
pistons and rod is thus borne by the three 
external crosshcad slides, and the pistons 
accordingly “ float ” in the cylinders as does 


50 C.Th.U. ; the pistons were 33-46 inches 
in diameter (piston rod about 8f inches dia.), 
with a stroke of 43-3 inches. 

With reference to this Table it may be 
observed that the revolutions per minute, n, 
are directly counted, and that the value of 
the mean eft'ectivo i^rossure, p, in lbs. per 
sq. in. is ascertained from indicator diagrams 
taken from both cylinders, the average value 
being tabulated. The indicated horao-powor 
may next bo calculated, equation (1) being 
modified to suit this type of engine by ■writing 

I H.P. = 4 X 902 X 10-9 . snp(D^ - (5) 

T) and d being the diameters in inches of the 
pistons and piston rod respectively. 

The brake horse-power is directly measured, 
and thence the value of the mechanical 
efficiency ly — B.H.P./I. H..P. is known. It 
will be observed that the frictional and fluid 
resistances of the engine itself absorb about 
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260 borse-iK)wer when running at 106 revolu- 
tions per minute. The brake mean effective 
pressure, is now known and tabulated. 
The total consumption of gas per hour in 
cubic feet is directly measured, and dividing 
the figures obtained by the I.H.P. and B.H.P. 
gives the consumption in cubic feet per hour 
per I.H.P. and B.H.P. respectively. The heat 
value of the gas per cubic feet is determined 
by calorimetric tests, and thence the heat 
supplied in C.Th.U. per hour per I.H.P. and 
per B.H.P. is immediately ascertainable. 

Pinally, as one horse - power hour corre- 
sponds to 33,000 X 60/1400 = 1414 C.Th.U. per 
hour converted into mechanical work, the 
absolute thermal efficiency of the engine is 
determined by taking the ratio of 1414 to 
the heat supplied to the engine in C.Th.U. per 
horse-power per hour. 

Thus, at full load, this engine showed an 
absolute brake thermal efficiency of -285 ; 
that is to say, 28-5 per cent of the whole heat 


Clerk two-stroke cycle engine, with improve- 
ments in detail suggested by experience, is still, 
particularly for large engines, that which most 
successfully satisfies everyday requirements. 

A section of the second Clerk two-stroke 
engine is shown in Fig. 4 ; an engine to this 
design was shown at the Paris Exhibition 
of 1881. It was of the horizontal, single- 
cylindered, single-acting type, and comprised 
a motor, or working, cylinder A containing 
exhaust ports E, E', near its outer end, and a 
displacer cylinder B ; within these cylinders 
respectively work pistons C and D, suitably 
connected to a common crank-shaft. The 
crank-pin driving the displacer piston D was 
about 90° in advance of that operated by the 
motor piston C. 

(ii.) Method of Working . — The order of 
operations is as follows : Near the end of the 
working (out)stroke the motor piston C over- 
runs the exhaust ports E, E', and the burnt 
gases immediately escape thence into the 



supplied to the engine appeared as useful ' 
external work. In one hour the working 
volume swept through by the pistons is 
7r/4(D^ - d^) X I20n x 5/1728 cubic feet ; and 
at full load the heat evolved in C.ThU. xier 
hour is 1427 x 4128, w^hence in this case the 
evolution of heat in C.Th.U. per cubic feet of 
working stroke swept out by the pistons has the 
value 22-6 (see the article, “ Engines, Thermo- 
dynamics of Internal Combustion,” § (69)). 

§ (9) {d) Two-stroke Engines : the Early 
Clerk Engine, (i.) Description . — The low 
frequency of but one working stroke in four 
of the Otto cycle has always been regarded as 
a serious disadvantage, and very numerous 
attempts have for long been made to increase 
the impulse frequency without sacrificing the 
valuable practical advantages of simply and 
effectively charging, exploding, expanding, 
and exhausting — combined with high thermal 
efficiency — which are possessed by the four- 
stroke engine ; no solution has even yet been 
found which fully satisfies the commercial 
conditions for both large and small engines. 

The first explosion compression two-stroke 
or “ imx:)ulse every revolution ” engine was 
invented and built by Clerk in 1878, and the 


atmosphere. Simultaneously the displacer 
piston D, being in advance of the motor 
piston, has passed the end of its out-stroke 
and has commenced to return ; during its 
out-stroke it has drawn into the cylinder B 
an explosive mixture of gas and air through 
the sliding valve H and pipe W. The com- 
mencing return of the piston D causes the 
mixture in B to become slightly compressed 
before the complete exhaust of A, but not 
sufficiently to cause any material resistance ; 
in the delivery pipe connecting the two 
cylinders is an automatic inlet valve ; as soon 
as the pressure from B slightly exceeds that 
in A, this valve rises and the fresh mixture 
then enters the combustion chamber G. The 
return of the motor piston C then causes the 
automatic inlet valve to close, and subsequently 
compresses the entrapped fresh charge into 
the chamber G ; this is then fired at the 
mstant of maximum compression, explosion 
occurs, and the working stroke follows. Thus 
every out-stroke of the piston C is a working 
stroke, and the impulses are therefore one per 
revolution of the crank-shaft, and are accord- 
ingly twice as frequent as in the “ Otto ” 

: four-stroke cycle. 
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(iii.) Difficulties . — In the ideal two-stroke 
motor the operations of charging and exhaust- 
ing would be performed at least as effectively 
as in the four-stroke engine, and hence, the 
working impulses being twice as frequent, a 
two-stroke engine of given bore and stroke 
should develop at least twice as much power 
as the equal four-stroke, mth the same thermal 
efficiency. In practice, however, there are 
certain fundamental difficulties of the two- 
stroke cycle which have so far prevented the 
realisation of this ideal. Thus, in the Otto 
cycle the inlet valve usually opens slightly 
before the end of the in-stroke of the working 
piston and remains open not only throughout 
the whole suction out-stroke, but also for a 
short period after its completion ; the suction, 
or “ charging ” period accordingly continues 
during about 220° of the crank-shaft revolution. 
In the two-stroke engine, however, the fresh 
charge has to be introduced into the motor 
cylinder while the crank-shaft turns through 
only about 80°. Hence the duration of the 
charging operation in the Otto cycle is nearly 
three times as long as in the Clerk cycle. 
Though this disadvantage is reduced by 
providing specially large inlet valves and 
exhaust port areas, it remains stiU that the 
two-stroke engine is not in general capable of 
being charged so effectively as the four-stroke, 
and also that more power is absorbed in the 
charging operation. 

A second point is that in the Otto cycle the 
exhaust valve is open during about 240° of 
the crank-shaft revolution, and hence the burnt 
gases have considerable time in w^hicb to escape, 
and are moreover assisted in their exit by 
the return of the motor piston during the 
whole exhaust stroke, so that there remains 
finally only the combustion chamber filled with 
residual exhaust at, or even slightly below, 
atmospheric pressure. In the Clerk cycle 
engine, on the other hand, exhaust has to be 
accomplished during the very short interval 
occupied by the motor piston in passing over 
the last part of its out-stroke and first part of 
the subsequent iu-stroke, so that not only in 
the combustion chamber but also in the work- 
ing cylinder there remains some hot exhaust 
gas. The effect of this is to reduce the quantity 
of fresh charge that can be introduced into 
the motor cylinder, i.e. to diminish the 
“ volumetric efficiency ” of the engine, with ’ 
consequent diminution in the output of power. 
Further, the commencement of the introduc- 
tion of the fresh charge while the exhaust 
ports are still uncovered causes a loss of 
unbumt mixture by short-circuiting ” direct 
through the exhaust ports into the atmosphere, 
and waste of fuel from this cause is frequently 
considerable in the very small petrol-type 
two - stroke motor. In, largo two - stroke 
engines, however, this cause of loss is almost 


completely avoided, (a) by providing a 
combustion chamber of somewhat elongated 
conical form as showm at G {Fig. 4), and 
introducing the fresh charge at the apex of 
the cone, and {b) by sending first into the 
motor cylinder a preliminary charge of air 
only to help in the scavenging (and cooling) 
of the residual exhaust gases, and following 
this up by the introduction of a correspond- 
ingly rich mixture of gas and air ; this 
j)ractice, initiated by Clerk in 1881, is still 
followed in all large gas engines. The 
doubled frequency of working impulses in 
the two -stroke engine causes necessarily an 
increase in the mean heat -flow from the 
cylinder per second, and hence in the de- 
sign of this type of engine special attention 
has to be given to the details of the cooling 
arrangements. 

(iv.) Performa7ice . — These early Clerk two- 
stroke engines were constructed in sizes of 
from 2 to 12 nominal horse-power, and the 
following test results obtained in 1884 from a 
series of these engines are still of much 
interest ; the fuel used was Glasgow coal gas, 
and the figures given are from the usual trials 
which were carried out on all engines before 
leaving the manufacturers’ works, and thus 
fairly indicate the performance of the engines 
in ordinary service. 

The mixture delivered by the displacer 
contained 1 volume of coal gas to 8 volumes 
of air ; on passing through the inlet and 
mixing with the residual exhaust gases in the 
motor cyHndor it becomes further diluted. 
The increase of temperature acquired by 
contact with the exhaust and with the cylinder 
walls expands the entering fresh gas, a 
temperature of at least 100° C. being commonly 
attained before compression commences. The 
expansion of tho entering fresh gases thus 
caused expels more of the exhaust products 
through the ports than would oorresprmd to 
the volume swept through by the motor 
piston between the closing of the exhaust 
ports and complete in - stroke. Through 
“ turbulence ” mixing occurs to a consider- 
able extent and the net result is the formation 
of a mixture explosive in every pai't of it, and 
of an average composition of 1 volume of coal 
gas to 9 volumes of other gases; thus tho 
proportion of exhaust gases present is but 
small ; that there is any at all arises from tho 
necessity of preventing any appreciable loss 
of fresh mixture through the exhaust ports. 
The mixture employed was a comparatively 
rich one. 

(v.) Mfficimey . — In these engines the value of 
the compression ratio, l/p, was whence the 
‘‘Air Standard” efficiency is 1 
Regarding this as tho highest conceivable 
efficiency, the degrees of excellence of the 
engines given in tho table are to bo estimated 
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relatively to 0-36 and not to unity; thus we 
have 

Absolute net t indicated 1 ^ . _ 

thermal efficiency / •®'’3 

Air standard .... -30 -36 -36 -36 -30 

Efficiency relative to air) q-o <,-o r/- 

standard .f '2'- 

so that in the case of the engine of 12 nominal 
horse -power the relative nett indicated thermal 


successfully^ utihsed in the special design of 
large horizontal gas engine made by Messrs. 
Korting of Hanover, and the Be La Vergne 
Co. of New York ; a typical section is shown 
in Fig. 5. The engine is of the single- 
cylindered double-acting type, and working 
on the two -stroke cycle, thus furnishes two 
impulses per revolution of the crank-shaft as 


Table in 


Test Results of Clerk Two-steoke Engines m 1884 





Nominal Power. 


No. 

Item. 






2 H.P. 

4 H.P. 

6 H.P. 

8 H.P. 

12 H.P. 

1 

Diameter of motor piston, ins. 

5 

6 

7 

8 

9 

2 

Stroke of motor piston, ins. 

8 

10 

12 

16 

20 

3 

Diameter of displacer piston, ins. 

6 

7 

71- 

10 

10 

4 

Stroke of displacer piston, ins. 

9 

11 

12 

13 

20 

5 

Revolutions of engine per minute 

212 

190 

146 

142 

132 

fi'' 

Mean effective pressure in Ibs./sq. in. from motor \ 
cylinder diagram j 

43-2 

63-9 

53-2 

60-3 

G4-8 

7 

LH.P. from motor cylinder diagram 

3-62 

8-G8 

9-03 

17-38 

27-46 

8 

H.P. absorbed by displacer 

0-40 

0-80 

0-86 

1-50 

2-00 

9 

Nett LH.P. of engine (item 7 -item 8) 

3-22 

7-88 

8-19 

15-88 

25-46 

10 

B.H.P. of engine 

2-70 

5-63 

7-23 

13-69 

23-21 

11 

NettI.H.P.-B.H.P, 

0*52 

2-25 

0-96 

2-19 

2-25 

12 

B.H.P. 

Mechanical efficiency rj = — 

nett I.H.P. 

•84 

•72 

•88 

•86 

•91 

13 

Approximate calorific value of gas, C.Th.U./cub. ft. 

320 

320 

320 

320 

320 

14 

Gas consumption, cub. ft. per I.H.P. hour (item 7) 

29-28 

24-19 

24-23 

20-94 

20-39 

15 

Gas consumption per nett LH.P. honr ; cub. ft. 

33-0 

26-6 

26-8 

22-9 

22-1 

16 

Gas consumption per B.H.P, hour ; cub. ft. 

39-4 

37-2 

30-2 

26-6 

24-1 

17 

Absolute thermal efficiency on nett LH.P. 

•134 

•166 

•165 

•194 

•203 

18 

Absolute brake thermal efficiency 

•112 

•119 

•146 

•166 

•184 

19 

Compression pressure, Ibs./sq. in. (abs.) 

53 

70 

63 

64 

72 

20 

Maximum explosion pressure, Ibs./sq. iu. (abs.) 

170 

251 

210 

210 

253 


efldciency was 56 per cent of the air standard. 
Actually, as explained in the previous article, 
the air standard — obtained on the assumption 
of constant specific heat — represents an 
impossibly high ideal, the maximum attain- 
able, vith varying specific heat, having the 
lower value for l/p = J- of only about 0*29; 


in an ordinary steam engine. It comprises a 
closed, water- jacketed, cast-iron cylinder AA 
provided with a ring of exhaust ports BB at 
the middle of its length, and containing a very 



Fig. 5. 


hence the comparison of performance is 
properly made between an actual thermal 
efficiency of *203 and an ideal thermal effi- 
ciency of -290 ; and thus the actual engine 
in this case realised no less than *203/'290, 
i.e. 70 per cent of the attainable ideal 

§ (10) (e) The Korting Engine, (i.) De- 
scription . — The Clerk two-stroke cycle is very 


long piston GC which overruns the ring of 
exhaust ports in its reciprocations, opening 
these ports to the one end of the cylinder and 
the other alternately. The piston is attached 
to a piston rod which passes through a 
stuffing box in the cylinder cover and is 
connected to an external crosshead as in 
ordinary steam-engine practice ; thence the 
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power is transmitted to the crank-shaft by 
a connecting rod as usual. The external 
crosshead not only keeps the gudgeon ” 
bearing or “ small end ” bearing of the 
connecting rod cool, but also relieves the 
piston of the lateral thrust due to connecting- 
rod obliquity, and thus much reduces cylinder 
and piston wear. Large gas engine cylinders 
adequately lubricated, and using gas free 
from dust, show but little wear, a 400 B.H.P. 
cylinder after one year’s working, for example, 
showing an average wear of only *013 of an 
inch. The cylinder is closed by deep cast-steel 
well water- jacketed covers EE, in which are 
housed the cages containing the mixture 
inlet valves LD, normally held up against 
their seats by helical springs, 'and opened 
during the necessary intervals by a simple 
arrangement of rods and levers operated by a 
single eccentric on the crank-shaft. 

In these large engines, instead of the single 
mixture pump ” or “ displacer ” of the Clerk 
engine, separate double-acting pumps are pro- 
vided, one of which supplies air only and the 
other gas only. The displacer crank is placed 
about 100° in advance of the main crank, 
as in the Clerk engine, and thus the air pump 
piston has travelled a short way on its dis- 
charge stroke when the inlet valve opens. 
The gas pump, however, is so arranged that 
gas is not delivered until somewhat later. Thus 
a considerable volume of air only flows into 
the cylinder at first, displacing and cooling 
the hot exhaust gases, so that when the fresh 
unburnt gas enters later it mingles vdth the 
relatively cool air in the c^dinder, and thus 
risk of pre-ignition is mininaised. It is very 
important in large gas engines to arrange 
that no explosive mixture shall be formed in 
chambers or passages ; in the Kbrting engine 
the gas meets and mixes with the air just 
above the inlet valve. In small gas engines 
the gas and air may be mixed in the pump or 
displacer,” a back-fire into the pump being 
of little importance ; in a large engine, how- 
ever, in similar circumstances, the result of a 
back-fire might easily prove a serious matter. 

(ii.) Method of Working . — The charge having 
entered the cylinder — first air only and then 
mixed gas and air — the exhaust products 
having been thereby dispiaced, the working 
piston has closed the ring of exhaust ports by 
a crank movement of 40° to 45° from the 
dead centre. Compression then occurs, fol- 
lowed by ignition and subsequent expansion. 
The air pump valves are so arranged as to 
deliver a full charge of air at every stroke 
whether the engine be light or loaded, but the 
gas delivered by the gas pump varies in amount 
as determined by the governor. Ignition is 
electric, and occurs at two points at each end 
of the cylinder, and means are provided by 
which the time of ignition can he regulated 


by hand while the engine is running ; poor 
gases, as e.g. blast furnace gas, require earlier 
ignition than producer gas, and this, in like 
manner, earlier than coal gas. Where the gas 
is liable to variation in quality this adj ustahle 
ignition arrangement is very useful. Running 
at light loads, the mixture of gas and air 
admitted after the preliminary charge of air 
only being of practically constant composition, 
a readily ignitible charge always exists at the 
ignition plugs, and thus regular firing is ensured 
at light loads. 

(iii.) Perforynance. — Korting engines having 
an aggregate of fully a quarter of a million 
horse-power have been built, and they com- 
pete strongly against the four-stroke type ; 
they are built iu sizes of from about 400 B.H.P. 
with a 22 J inch cylinder and 39 inches .stroke, 
running at 110 revolutions per minute, to 
2000 horse-power from a single cylinder of 
43 inches diameter, the stroke being 55 inches, 
and speed up to 90 revolutions per minute. 

The following results were obtained on tost 
with a 600 B.H.P. Korting engine in 1904 
(Junge) : 

Power piston, 29*7 in. diameter — stroke, 65 ■! in. 

Pkton rod, 8*1 in. diameter — revolutions per 
minute, 80. 

Diameter of double-acting air pump, 31*4 in. — 
stroke, 42*5 in. 

Diameter of double-acting gas pump, 27'C in. — 
stroke, 42*5 in. 

Fuel ; producer gas from anthracite. 

I.H.P. developed in working cylinder : 845. 

B.H.P. of engine : 673. 

Fluid resistance I.H.P. of pumps : 88. 

Ratio of pump resistance to total I.H.P. : 0*104. 

Power — Piston speed : 735 ft. per minute. 

Mean effective pressure, p, on power piston : 
55*6 lbs./sq. in. 

Brake mean effeotivn pressure, rjp : 44-3 Iba./sq. in. 

Anthracite burned per B.H.P. hour: 0*8 lb. 

Estimating the mechanical efficiency as the value 
of the ratio B.H.P./Total I.H.P. gives 7]=0‘S, wliich 
is rather low, and is due to the somewhat high 
pumping resistances which in this particular engine 
amounted to 10*4 per cent of the total I.H.P. ; in 
later designs the i)umping resistances have been 
much reduced and the mechanical efficiency corre- 
spondingly increased. For weight per B.H.P. of this 
type of engine see Table I. {supra). 

§ (II) (/) The Two-stroke OEonrEmiAusEH 
Engine, (i.) Description. — A second typo of 
successful large two-stroke gas engine working 
on a modified Clerk cycle is that of Dr. Oechel- 
hauser, of which a diagrammatic section is 
shown in Fig. 6. The engine is of the hori- 
zontal, single-cylindered, single-acting typo, 
hut the cyhiider AA is open at both ends and 
contains two pistons B, B', working in opposite 
directions. Just before reaching the extreme 
“ out ” position piston B overruns the ring 
of exhaust ports 0, while piston B' next 
overruns first a ring of air inlet ports D, and 
very shortly afterwards a second ring of gas 
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ports E. The burnt exhaust gases immediately 
escape through the ports C and are assisted 
in their exit by the charge of fresh air under 
slight pressure which enters through the 
ports D. This fresh air mingles with, and 
cools, the residual exhaust gases, thus minim- 
ising risk of pre -ignition and also avoiding 
appreciable loss of fresh fuel through the 
exhaust ports when the gas is subsequently 
admitted through the ports E. The mutual 
approach of the two pistons eclipses the ports 
and the entrapped mixture is next compressed 
between them ; at the end of the in (com- 
pression) stroke, the mixture is fired electric- 
ally as usual, and the expansion (working) 
stroke then follows. 

The double-acting pump H acts on one side 
as an air pump and on the other as a gas pump ; 
gas and air are separately pumped into the 
separate reservoirs K and L respectively, 
wherein they are stored at a pressure of 5 to 
6 lbs. per sq. in. above atmosphere. 

It will be seen that with this arrangement 


cylinder and driving it from a disc crank-pin 
on the end of the crank-shaft. The cylinder 
also has been much shortened by the ingenious 
device of fitting spring rings in each of its 
ends, which rings bear upon the piston sur- 
faces ; in tins way the pistons can be arranged 
to protrude from the cylinder ends by a con- 
siderable amount at out-stroke, much as in 
the case of an ordinary plunger pump. To 
prevent “ canting ” of the pistons both are 
rigidly attached by short piston rods to sliding 
crossheads guided both vertically and hori- 
zontally. 

(ii.) Worhiruj . — The two large pistons alter- 
nately issuing from and receding into the 
working cylinder set up pulsations in the 
atmosphere of the engine-house, and these 
may cause troublesome rhythmic vibrations 
of windows, partitions, etc. ; this action is 
greatly reduced in cases where two engines 
are installed in the same engine-house with 
crank -shafts so arranged as to differ in phase 
by 180°. 



no gas and air mixture exists anywhere but 
actually within the working cylinder. To 
further diminish loss of unconsumed gas 
through the exhaust the maximum quantity 
of gas and air delivered into the cylinder is 
only about 0-7 of the cylinder volume. Govern- 
ing" is effected, as in the Kdrting engine, by 
reducing the gas charge at light loads. 

The crank-shaft has three throws ; to the 
middle throw piston B is linked by the usual 
connecting rod, while the two side throws 
are linked by side connecting rods M, M' 
to crossheads 0, O', which are coupled up by 
rods P, P' to the bridge-piece Q carried on the 
piston rod R of piston B' ; thus the crank- 
shaft is subjected to a practically simple 
torque, and the cylinder is not required — as 
in all other engine designs — ^to supply the 
reaction to the actions on the working pistons ; 
as a consequence the engine frame and cylinder 
can be made lighter than usual. 

In the de-sign illustrated the gas and air 
pump is showTL driven directly by the piston 
rod R, but in later designs the engine dimen- 
sions are much reduced and weight diminished 
by placing the pump at the side of the working 


The tiDo moving pistons cause the rates of 
compression and expansion of the working 
gases to be twice as rapid as usual, which is 
thermodynamically advantageous. 

(iii.) Perforiiiance . — ^Tests by Professor Meyer 
in 1903 of a ffOO h.p. Borsig - Oechelhauser 
engine furnished the following results : 


Dimensions of Engine 

Diameter of cylinder . . . 26-6 in. 

Stroke of front piston . . . 37-5 „ 

Stroke of back piston . . . 37-3 „ 

Double-acting Air Pump 

Diameter of cylinder . . . ^*9 „ 

Stroke of piston . . . . 19*7 „ 

Diameter of front piston rod . . 3-45 „ 
Diameter of back piston rod . . 2-78 „ 

Single-acting Qcls Pump 

Diameter of cylinder - . . 23*2 

Stroke of piston . . . - 19*7 „ 

Blower 

Diameter of cylinder . . .65 „ 

Stroke of piston . . . . 37*3 ,, 

Diameter of piston rod . . . 5*9 ,, 
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No. 

Item. 

Number of Trial. 

VIII. 

IX. 

X. 

VI. 

VIT. 

1 

Buration of test, miautes 

20 

19-95 

40 

15 

19-95 

2 

Revolutions per minute, average 

103 

107 

106-1 

108-2 

107-4 

3 

Mean, effective pressure p in Ibs./sq. in. 

75-0 

73-8 

69-3 

62-3 

62-0 

4 

Total I.H.P. from working cylinder 

821 

839 

780 

715 

707 

5 

B.H.P. estimated from blowing cylinder 

616-2 

626-6 

574-8 

488 

473-8 

6 

Air pump, mean effective pressure, front, Ibs./sq. in. 

5-09 

5 -38 

5-12 

5-56 

G-09 

7 

Air pump, mean effective pressure, back, lbs./sq. in. 

3-36 

3-58 

3-41 

3-73 

3-94 

8 

H.P. absorbed by air pump 

68-3 

75-2 

7M 

79-0 

84-5 

9 

Gas pump, mean effective pressure, lbs./sq. in. 

3-53 

3-50 

3-58 

3-73 

3-84 

10 

H.P. absorbed by gas pump 

7-7 

7-8 

7-9 

8-5 

8-6 

11 

Total H.P, absorbed by charging pumps 

76 

83-1 

79-1 

87-5 

93-2 

12 

Mechanical efficiency of blower 

•839 

•842 

•833 

•792 

•785 

13 

H.P. absorbed in engine friction 

117-3 

117-3 

115-4 

129-2 

129-2 

14 

Calorific value of gas, C.Th.U. /cub. ft. (lower) 

221-5 

218-5 

212-2 

218-5 

220-3 

15 

Heat supplied, C.Th.U. per total I.H.P. hour 

3660 

3637 

3616 

3703 

3682 

16 

Heat supplied per B.H.P. hour 

4872 

4870 

4910 

5420 

5480 


The fuel used was coke oven gas having the 
average composition by volume : 


Hydrogen 

. . 44-7 

Carbon monoxide . 

. 11-0 

!Marsh gas (CH4) . 

, . 19-5 

Heavy hydrocarbons . 

. . 2-0 

Nitrogen 

. . 17-5 

Oxygen .... 

, . 0-3 

Cajbon dioxide 

. . 5-0 


100 


and the average consumption on these tests was 
16*8 cubic feet per total I.H.P. hour. 

The absolute thermal efl&ciencies realised 
were : 

’*84 

thermal | ,gg _ 2 gg _ 2 gj _ 2 gg 

The mechanical efficiency, taken as the value 
of the ratio E.H.P./Total varied from 

0*67 to 0-15, a somewhat low result ; the joint 
pumi>ing resistances ranged from about 9 per 
cent at full load to 13 per cent at the lowest test 
load — calculated relatively to the total I.H.P. 

The consumption of lubricating oil in the 
working cylinder was at the average rate of 
1*19 lb. per hour. At full load 4-4 gallons 
of water \vere used per total I.H.P. hour; 
the cooling water temperature on entering 
was 22° C., and on leaving 42° C. ; hence 
44 X 20 = 880 C.Th.U. of heat were carried 
off by the cooling water per I.H.P. hour; 
so that, at full load, the heat expenditure 
account was roughly : 


Heat Expenditure per Total I.H.P. Hour, C.Th.U. 



Per cent. 

Converted into mechanical work . 

1414 

39 

Carried off in cooling water . 

880 

24 

Carried olf in exhaust gases and ) 
general heat losses j 

1343 

37 


3637 

100 


(iv.) Indicator Diagram . — In obtaining indi- 
cator diagrams from an engine it is usual to 
so connect up the recording drum that the 
angle turned through by it is always propor- 
tional to the distance travelled by the piston 
along its stroke. In the case of the Occhol- 
hauser engine a special procedure becomes 
necessary, as the tw^o pistons do not move 
exactly alike. In the explosion position the 
middle throw of the crank-shaft — which is 
driven by the front piston — ^is at its inner 
dead centre while the two side throws — driven 
by the back piston — are at their outer dead 
centre. When the double working stroke 
commences, due to connccting-rod obliquity, 
the front piston travels more rapidly than the 
back piston, and this continues until nearly 
half stroke ; thereafter the front piston moves 
more slowly than the back. Thus Fig. 7 shows 
by the inner heavy line the diagram obtained 
from an engine with reference to the bach 
piston ; when the back piston has moved 
through OA the pressure upon it is given by AB. 
But at the same instant the front piston has 
described more of its stroke and has reached 
some point, as C ; drawing a vortical through C 
to meet a horizontal through B in B', it is 
evident that B' is a point on the diagram 
corresponding to the front jiiston. In this 
way the front piston diagrams can be con- 
structed, as shown by the outer full lino ; 
midway between is drawm in dotted linos the 
“corrected” diagram from which the true 
mean effective pressure is deduced. In some 
cases the true M.B.P. is as much as 10 per cent 
greater than that deduced from the single 
diagram as given by the indicator. 

§ (12) Bay’s Engine, (i.) Description . — 
The ingenious two -stroke cycle valvcless engine 
invented by Bay in 1891 may be biiefiy referred 
to here as it is largely used at the present day 
in very small sizes, as e.g. in the (petrol) 
engines of motor bicycles, launches, etc. The 
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engine is not of high volumetric efficiency and 
its fuel consumption is, in general, ratter heavy. 


A diagrammatic section of the usual 
“ three-port ” Bay engine is shovni in Fig. 8. 
The ascent of the piston causes a partial 
vacuum in the crank- chamber, and when near 
the top of its 


Mooement of 
Front Piston 



Mooement of 
Back Piston 



Stroke of each Piston 


Fig. 7. 


due to the escape of a portion of each fresh 
charge through the exhaust. Its simplicity 



stroke its lower 
edge uncovers the 
port A, thus allow- 
ing an inrush of 
carburetted air. 
The subsequent 
descent of the 
piston first closes 
A and then com- 
presses the charge 
crank-chamber to 3 or 4 lbs. per 
sq. in. above atmospheric pressure. When 
near the bottom of its stroke, the upper edge 
of the piston first uncovers the exhaust 
port B, and then the inlet port G ; the lip B 
on the piston deflects the entering stream up- 
wards so as to minimise loss of fresh charge 
by “ short-circuiting ” through the exiiaust 
port. The piston next rises, cutting ofi the 
ports C and B, and compressing the 
fresh charge into the combustion head. 
At or near the top centre the mixture 
fired and the working stroke follows. 
Leakage of charge from the crank- 
chamber is com- 
monly prevented 
by making the 
crank-shaft bear- 
ings very long, and 
grease is some- 
times used in these 
as lubricant. 

(ii. ) Performance. 
— ^Experiments on an engine of this type by 
the late Professor W. Watson and Mr. Fenning 
in 1910 showed that the proportion of each 
fresh charge which escaped unbumt through 
the exhaust port was considerable at low 
speeds, but diminished as the speed increased, 
as shown hereunder : 


At Revolutions 

Per cent of 

per Minute. 

Fresh Charge lost. 

600 

36 

1200 

20 

1500 

6 


Fig. 8. 


of action and relatively low manufacturmg 
cost, however, are resulting in its increasing 
use in the smallest class of engine. 


The mean effective pressure was much 
higher at low than at high speeds, ranging 
from about 62^ lbs. per sq. in. at 600 r.p.m. 
to 44J lbs. per sq. in. at 1500 r.p.m. The 
volumetric efficiency was only about 40 per 
cent, and varied but little with speed, the 
greater loss of fresh charge through the exhaust 
port at low speeds approximately counter- 
balancing the larger volume of charge then 
entering the cylinder. 
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Omag to the relatively large proportion 
of burnt exhaust gases in the charge when 
fired, the “ mixture ” supplied to this type of 
engine needs carefully adjusting within some- 
what narrow limits in order to obtain regular 


or “lamp oil”), gas oils, intermediate oils, 
crude oils, residual oils, and even tar oils. 

The following table gives some figures 
obtained from tests of samples of the more 
usual oil fuels : 


Table IV 


Description of Fuel. 

Specific 

Gravity. 

Composition by Weight, 
per cent. 

Calorific Value in 
C.Th.U./Lb. 
(Lower). 

C. 

H. 

0. 

Crude coal tar 

1-05 

82-0 

7-6 

10-4 

8,550 

Italian refuse petroleum oil ... • 

•947 




9,800 

A heavy Russian crude oil .... 

•938 

86-6 

12-3 

1-1 

10,200 

A Russian petroleum refuse .... 

•928 

87-1 

11-7 

1*2 

10,130 

Texas fuel oil 

•922 




10,120 

Blast furnace oil 

•920 

83-6 

10-6 

5-8 

8,420 

Astatki (Russian residual fuel oil) . 

•90G 

84-9 

14-0 

M 

10,500 

An American heavy crude oil . 

•886 

84-9 

13*7 

1-4 

10,000 

Benzol (a by-product in coal-gas manufacture) 

•88 


13-6 

0-1 

9,600 

•884 

86-3 

10,800 

A light Russian cnxde oil | 

•875 




10,000 

“ Rxassolene ” (a refined Russian petroleum) . 

•825 

86-0 

14-0 

0 

10,600 

Broxburn lighthouse oil (from shale) 

•810 

86-01 

13-90 

0-09 

10,300 

“ Royal Daylight ” (a refined “ lamp oil ”) . 

•797 

85-7 

14-2 

0-1 

11,090 

An American “ Kerosene ” (lamp oil) 

•796 

85*13 

14-21 

0-66 

10,140 

A heavy petrol 

•760 




10,300 

A light petrol 

•719 

85-2 

l4:-8 

0 

10,250 


ignition ; otherwise ignition only occurs at 
every alternate out-stroke, and the engine is 
said to “ four-stroke ” in ordinary parlance, 
the intermediate stroke having only a “ scav- 
enging ” action. When alternate firing takes 
place much higher explosion pressures are 
attained, due to the richer mixture then present. 
The power output of these small engines, due 
largely to their low volumetric efficiency, is 
usually only from about 10 per cent to 30 per 
cent greater than that of a weU-designed four- 
stroke cycle engine of the same bore, stroke, 
and speed. 

It may be noted that these engines will run 
equally well in whichever direction they may 
be started, and tliis feature is of value when 
they are used for the propulsion of motor 
laimches, and in other cases where ready 
reversibility is required. 

§ (13) Heavy Oil Engines. Details of 
Fuels . — ^With the volatile liquids or “ oils ” 
of specific gravity less than about 0-76, and 
flash-point usually lower than the ordinary 
atmospheric temperature of 15° C., as naphtha, 
petrol, benzol, etc., the formation of an ex- 
plosive mixture with air is a simple matter, 
and the earlier engines accordingly used such 
“ light oils ” as they were termed. The problem 
of readily forming an explosive mixture of 
uniform composition of the heavier petroleum 
oils with air proved much more difficult, though 
it has now been fully solved, very many types 
of “ heavy oil ” engine being in everyday 
service using as fuel “ kerosene ” (“ paraffin ” 


Figures for petrol are given to enable a com- 
parison to be made with the heavier oils ; 
it will be observed that for the heavy American 
and Russian petroleum oils the average (lower) 
calorific value in O.Th.U. per lb. varies but 
little from a mean of 10,300. 

§ (14) (g) The Hob^nsey - Akroyd Oil 
Engine, (i.) Description . — Numerous devices 
are employed in heavy oil engines to vapoiise 
the charge of oil forming the explosive mixture 
with air. The type here selected for descrip- 
tion and illustration is that in which a com- 
bined vaporiser and explosion chamber is 
formed as a prolongation of the cylinder com- 
bustion chamber ; of this type the best-known 
example is the Hornsby- Akroyd engine, of 
which a longitudinal section is shown in 
Fig. 9. 

The engine is of the usual horizontal, single- 
acting, single- (or double-) cylindcred, four- 
stroke type, but is provided at the combustion 
chamber end with a partly or wholly uncoolcd 
smaller vessel A, termed the “ vaporiser ” or 
“ hot-bulb,” which is constantly in free com- 
munication with the cylinder through a rela- 
tively narrow neck or “ choke ” B ; the 
cylinder is also provided with an air inlet and 
an exhaust valve of the usual type, both 
cam-operated, which are not shown in the 
figure. 

The oil tank is formed in the engine bed- 
plate ; a centrifugal governor regulates the 
engine speed by opening a by-pass when the 
speed increases, thus permitting a portion of 
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the oil delivered by the oil pump to pass back 
into the oil tank. 

(ii.) Method of Working . — To start the engine 
the unjacketed portion of the vaporiser is first 
heated by a blow-pump for about 10 minutes ; 
the fly-wheel is next turned by hand and the 
piston performs its suction stroke, drawing, 
through the inlet valve, a charge of air only 
into the cylinder. This air enters the cylinder 
direct, without passing through the vaporiser. 
Simultaneously a charge of oil is sprayed into 
the “ hot-bulb ” by the oil pump shown, and 
this at once vaporises. On the return stroke 
of the piston the air is compressed, and a 
portion passes through the neck B and mixes 
with the vaporised oil. The mixture is at 


vith resulting deposition of carbon, which in 
time chokes up the vaporiser. The tempera- 
ture is regulated by admitting more or less 
water to the jacket C which surrounds the 
neck and part of the vaporiser itself. In 
many hot-bulb engines, however, pre-ignition 
at heavy loads is avoided by allowing a few 
drops of water to enter the chamber during 
the later stages of compression. On the 
other hand, the vaporiser may become too 
cool when the engine is run at light load, 
and in this case the lamp must be xised. 

(iii.) Performance . — A test of a 25 horse- 
power Hornsby- Akroyd oil engine made by 
Professor -Robinson in 1898 gave results as 
follow: Piston diameter, 14*5 in. ; stroke, 17 
in. ; fuel, “ Russolene.” At full load the engine 
ran at 202*6 revs, per minute and gave 26*74 
B.H.P., ^rith a mechanical efficiency 
of about *845. The compression press- 
ure was only 75 lbs./sq. in. (abs.) ; 
explosion pressure, 183 lbs./sq. in. 




" — r 



1 \ 







I AINiK, 


Pig. 9. 


first too rich to ignite, but the engine is so 1 
adjusted that just as compression is com- 
pleted the correct explosive mixture is reached 
in the hot-bulb ; the heat of the walls then 
causes explosion and the piston moves out- 
ward and performs its working stroke ; this 
is followed by the exhaust in-stroke, and 
the cycle then recurs- The whole device is 
eminently simple and has proved very success- 
ful, and a great number of internal combustion 
engines, both of four-stroke and two-stroke 
type, are now made on the “ hot-bulb prin- 
ciple.” 

After running for a few minutes it is found 
that the blow-lamp may be removed, the hot- 
bulb temperature being thereafter sustained 
by the heat communicated to it from the 
successive explosions ; the igmtion then be- 
comes completely automatic. If the vapor- 
iser be allowed to become too hot pre-igmtion 
occurs, and the oil may also be ‘ cracked. 


(abs.) ; and mean effective pressure about 
44 lbs. /sq. in. 

The oil per B.H.P. hour was 0*74 lb., cor- 
responding to an absolute brake thermal 
efficiency of *185. The best compression 
pressure for use with any given oil is found 
by experience ; thus “ Russolene ” was found 
to permit a higher compression, and to give 
15 per cent to ^20 per cent more power than 
“ Royal Daylight.” Compression may be 
varied by fitting different-sized vaporisers, 
and in engines of over about 50 B.H.P. by 
fitting distance-pieces to the crank-pin end 
of the connecting rod in addition. These 
engines run best on kerosenes, and particularly 
with the standardised Russian oil of *825 
sp. gr. and 30° C. flash-point .by Abel close 
test; they have, however, also been run on 
crude, gas, and residual oils. 

Later tests have furnished still better 
results; thus in 1908 Professor Robinson 
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obtained from, a 32 B.H.P. Hornsby-Akroyd bustion chamber by a blast of very high 
engine using Russolene (cal. value in tliis case pressure air — in a state of extremely fine 
10,250 C.Th.U. per lb.) a consumption of only spray, during the first part of the working 
0*613 lb. per B.H.P. hour, corresponding to stroke, so that it burns at approximately 
an absolute brake thermal efficiency of *226. constant pressure, the ignition occurring 
Single-cylinderod engines are constructed up automatically from the high temperature 



developed in the adia- 
batically compressed 
air. The cycle has been 
considered from the 
thermodynamic stand- 
point in the article on 
“ Engines, Thermo- 
dynamics of Internal 
Combustion.” 

A section through a 
usual tyjm of four-stroke 
Diesel engine is shown 
in Fig. 10. It will bo 
seen that the engine is 
of the inverted vertical 
single-acting typo, com- 
prising a long and heavy 
piston A working within 
a well water-jacketed 
cylinder B, and driving 
the crank - shaft 0 
through the usual typo 
of connecting rod D. 
In the deep water- 
cooled detachable 
cylinder head E are 
situated the air inlet 
and exhaust valves (not 
shown in the diagram), 
which are of the usual 
‘“poi^pot” or “mush- 
room” type, normally 
held up to their scats 
by springs and opened 
inwards by cams on an 
overhead shaft H 
through the agency of 
roller-ended rooking 
levers as indicated. 
The shaft H is of 
course driven at half 
the speed of the crank- 
shaft. The fuel ignition 
valve K is also located 


in the cylinder head. 


Fig. 10. 


and in recent designs is 


to 185 B.H.P., and with two evlinders to 
370 B.H.P. 

§ (15) (7i)THE “Constant-pressitre” Cycle 
Diesel Engine, (i.) Description.— Th.Q lead- 
ing characteristics of the Diesel engine are : 

(1) the compression of air only up to the 
maximum pressure attained in the cylinder, 
.usually from 450 to 500 lbs. per sq. in. ; and 

(2) the regulated admission of the fuel, usually 
a heavy mineral oil— blown into the com- 


gonerally placed in the 
centre ; it is a fundamental difficulty in all 
internal combustion engines wherein the fuel is 
sprayed into the combustion chamber at or near 
the instant of maximum compression to secure 
a uniform mixture giving rapid and complete 
combustion, and some of the earlier Diesel 
designs failed largely from this cause alone. 
By placing the fuel injection valve in the 
centre of the cover, and so forming its orifice — 
and often the upper surface of the piston 
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crown also — as to assist in the instant forma- 
tion and uniform dispersion of the cloud of 
spray throughout the combustion chamber 
space, this difficulty is overcome. 

(ii.) Method of Working . — The engine is 
started as follows : By means of a hand lever 
the crank-shaft is racked round until the 
crank-pin is just over the top centre ; next a 
starting lever is operated by which a starting 
cam is brought into working position. The 
fuel blast reservoir valve and starting reser- 
voir valve being next opened, air from the 
latter at a pressure of 700 to 900 lbs. per sq. in. 
enters the cylinder through a small starting 
valve situated in the cover, and the engine 
immediately moves off. After a few revolu- 
tions under the compressed air from the 
reservoir the starting lever is moved back, 
and the engine at once takes up its normal 
working cycle and continues to run. The full 
revolution rate is attained at once, but the 
normal power output is not reached until 
the cylinder is well warmed up. 

In the case of a new engine the air reservoir 
for starting is sent out fully charged ; there- 
after its pressure is maintained by a small 
pump driven by the engine itself. 

The charge of fuel is also blown into the 
cylmder through the fuel injection valve by 
a blast of air from this reservoir. 

The fuel injection valve comprises a needle 
valve held down on its seat by a spring and 
lifted by a cam-operated lever. A fuel 
force-pump delivers the charge of oil fuel into 
a narrow annular space surrounding the 
needle which is also in constant communication 
with the air-blast reservoir during the running 
of the engine. Hence immediately the needle 
valve is raised the charge of oil is blown 
with great velocity into the combustion 
chamber thi'ough an expanding nozzle, in the 
form of a uniformly diffused cloud of mist 
which instantly inflames in the adiabatically 
compressed air where temperature is at this 
instant from 500-550° C. The fuel is caused 
to enter the combustion chamber just before 
the completion of the compression stroke, and 
at full load the injection is continued during 
the first 20° to 30° of crank-shaft revolution, 
the mixture burning at approximately constant 
pressure during admission. Engine speed is 
controlled by a governor actuating a by-pass 
valve in the fuel pump supply whereby a 
variable proportion of the pumped oil is 
returned into the suction pipe as the engine 
load is varied. 

The fuel injection needle valve must be 
regularly cleaned at intervals of about a 
fortnight ; a sticky needle valve may cause 
pro-ignition through leakage of fuel oil during 
the compression stroke ; such a defective 
valve, moreover, allows the very high pressure 
blast air to enter the cylinder in abnormal 


quantities, and this also may cause rupture 
of the cylinder through excessive pressure 
caused by its subsequent further compression 
by the rising piston. Provision is sometimes 
made against excessive pressure by fitting 
relief valves in the cylinder head. 

The high - compression and air-blast pressures 
employed necessitate workmanship of the highest 
qnalitj’ in the construction of the Diesel engine, and 
the necessity of providing against occasional abnor- 
mal pressures in the cylinder renders this type of 
engine somewhat heavy in relation to power output. 
The high compression also necessitates the fitting of 
very heavy fly-wheels in few-cylindered four-stroke 
engines in order to attain the requisite uniformity in 
rotation of the crank-shaft. For land Diesel engines 
up to 200 B.H.P. the weights per B.H.P. (including 
fly-wheels) are, roundly, as follows (compare Table I.): 

For single- cylindered engines . 600 lbs. 

For two- cylindered engines . 520 „ 

For three- cylindered engines . 350 „ 

For three - cylindered engines \ 

(without fly-wheels) j 

(iii.) Fuels . — Experiments have been con- 
ducted with a great variety of fuels, including 
petrol, kerosene (lamp oil), gas oil, crude 
Russian, American, and German mineral oils, 
Astatki, shale oils, coal-tar oils, lignite oils, 
palm and nut oils, castor oil, fish oil, alcohol, 
coal gas, producer gas, and coal dust. The 
great^t success has been attained with the 
kerosenes and heavier petroleum oils, and it is 
on these, and particularly on the heavy 
dark-brown crude Texan fuel oil of sp. gr. 
about -925, flash point about 85° C., and 
(low’-er) calorific value about 10,1(X) C.Th.IJ, 
per lb. — as largely used for firing steam 
boilers — that most Diesel engines in Great 
Britain are run. Dr. Allner, in a paper read 
before the German Gas Association in 1911, 
stated that the tar produced in large quantities 
in the coal-gas and coke oven industries can he 
used successfully as a fuel for Diesel engines, 
provided a small quantity of a readily igmtahle 
“ pilot ” fuel, as Texas oil, he injected either 
just before, or simultaneously with, the 
admission of the tar to the combustion 
chamber ; the combustion of the pilot fuel 
starts that of the heavier fuel. Using gas 
oil as the pilot fuel, Dr. Allner affirms that 
crude tar may he used in Diesel engines. 
In general, however, it is held to he a 
desideratum that the fuel employed should 
he free from tar, sulphur, and acid impurities. 
Coal dust, injected with a proportion of “lean 
gas,” has been used — under experimental 
conditions only — as a fuel, and furmshed 
indicator diagrams of normal type ; but the 
difficulties of utilising any solid substance as 
a fuel under ordinary conditions of working 
have yet to be overcome. 

(iv.) Performance . — The economy of fuel 
with the four-stroke Diesel engine is very 
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marked ; a trial of a two-cylindered, 1 60 horse- 
power, four-stroke Diesel engine by Mr. Ade 
Clarke in 1903 furnished the following results : 

Piston diameter, 15*75 in. — stroke, 23 ‘6 in. 

Fuel— Texas oil, 0*922 sp. gr. ; calorific value, 
10,720 C.Th.U. per lb. (higher value). 

The outlet temperature of the cooling water, at full 


opening of the exhaust ports ; the scavenging 
is not quite so good, but the engine is of 
greater simplicity in construction. As in all 
Diesel engines the fuel is not admitted until 
nearly the end of compression, any short- 
circuiting of air through the exhaust ports 
during its admission is imniatorial. In 1911 


Table 


Test Results oe Two-cylinder, Four-stroke, 160 H.P. Diesel Engine 


No. 


Item. 


Duration of trial, minutes 

Average revolutions per minute 

Average mean efieotive pressure, p, in Ibs./sq. in. 

Total I.H.P. 

H.P. absorbed by air compression pump 
Net I.H.P. 

Estimated B.H.P.* 

Mechanical efficiency, r} per cent f 
Oil per (total) I.H.P. hour, lbs. 

Oil per B.H.P, hour, lbs. 

Rise of temperature of cooling water in ° C. 
Temperature of exhaust gases C. 

Total indicated absolute thermal efficiency 
Absolute brake thermal efficiency 


At Load. j 

0 . 

i- 


h 

Full. 

30 

60 

61 

GO 

CO 

159 

158 

158 

157 

154-5 

43*0 

42-1 

56-3 

09-4 

114-0 

39*6 

74-9 

100-0 

126-8 

204-4 

2-98 

2-97 

3-0 

3-26 

3-30 

36-62 

71-93 

97-0 

123-6 

201 •! 

0 

35-3 

00-4 

87-2 

104-8 

0 

47-2 

60-4 

68-8 

80-7 

•384 

•342 

•299 

•321 

•328 


•725 

•490 

•407 

•400 

57 

56 

51 * 

43 

62-5 


158 

197 

240 

384 

•344 

•386 

-441 

•412 

•403 

1 

•183 

•266 

•283 

•326 


♦ The B.H.P. was taken as total I.H.P. -39-6. 
t The mechanical efficiency was taken as B.H.P./total I.H.P. 


load, was 67® C. In the “No load” trial only one 
cylinder was producing power, the other pumping idly. 

In Hklay 1909 Mr. A. J. Pfeiffer stated before the 
Inst, of Electrical Engineers that there was then in 
service a four-cylindered, inverted-vertical, single- 
acting four-stroke Diesel engine giving 800 B.H.P. 
at 160 revs, per minute, and that this was about 
the largest that will run satisfactorily without water- 
or oil-cooling the pistons and exhaust valves. 

§ (16) {i) Two - STROKE Diesel Engines. 
(i.) Description. — ^Marine Diesel engines are 
usually of the two-stroke type, single-acting, 
which possess advantages over the four-stroke 
of reduced weight and space, lower production 
cost, and greater simplicity in reversing. There 
are two principal types of two-stroke, single- 
acting Diesel engines, in both of which the 
piston overruns a ring of exhaust ports when 
near the bottom of its stroke — as in the Clerk 
engine. In the one type — ^which is rather the 
more efficient — air inlet valves are provided in 
the cylinder head which are opened just after 
the exhaust ports are overrun, and effect a 
very complete scavenging action, leaving the 
cylinder filled with nearly pure air which is 
compressed by the piston during its return 
stroke as usual. In the other type, which has 
been developed largely by Messrs Sulzer Bros., 
of Winterthur, the air inlet valves are 
dispensed with, and inlet ports provided in 
the lower parts of the cylinder which are 
overrun by the piston shortly after the 


a four-cylinder, two-stroke, inverted-vertical, 
single-acting engine of 2400 B.H.P. of iSulzor 
type was installed in an electric gonoj*ating 
station in France. 

(ii.) DiffievUies . — One of the most sorious 
troubles with Diesel engines arises from the 
loss of compression pressure due to the wear 
of piston and cylinder walls in the usual design, 
wherein the piston is directly connected to 
the connecting rod. This wear is mainly 
caused by the side thrust due to the obliquity 
of the rod, and hence in large engines, and 
especially in marine service, the external 
crosshead is favoured, as with this the cylinder 
is relieved of all side pressure. Attention is 
being given to the production of satisfactory 
designs of doziWe-acting, two-stj'oke Diesel 
engines for marine service ; the chief difficulty 
to be overcome is that of providizig adequate 
cooling arrangements. 

§ (17) The Ruston “ Cold iStarting ” 
Engine, (i.) Description. — ^Messrs. Ruston, 
Proctor & Co. have recently produced a 
valuable design of Diesel type in respect of 
the high compression of the air and automatic 
ignition of the fuel, but in which the costly, 
complicated, and sometimes troublesome air 
compressor used in the Diesel engine in con- 
nection with the fuel injection is completely 
eliminated. 

A section through the cylinder of the 1915 
design of cold starting ” engine is given 
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in Fig.W^; the engine is of the horizontal, 1 
single - cylindered, single-acting, four -stroke I 
type, and is built in sizes ranging from 20 to 
170 horse-power. 

On the suction stroke the piston draws in 
air only through the yalve A, subsequently 
compressing this into the small explosion ; 






chamber B to a pressure of about 430 lbs. 
per sq. in., which is regarded as giving a 
sufficiently high temperature to ensure the 
ignition of any fuel oiL Just before compres- 
sion is completed the charge of oil is injected 
directly into the explosion chamber through 
an “ atomiser,” whereupon it immediately 
ignites, and the working stroke then follows ; 


Compression Pressure 420Jbs/n 

Max'" Pressure of Explosion 560lbs/o 

Indioated Mean Eff. Pressure 88 Ibsju'’ 

Brake Mean Eff. Press, (tjp) TOlbsj'of’ 


a normal full-load indicator diagram is shown 
in Fig. 11a. 

Very perfect “ atomisation ” of the fuel 
is essential to high engine efficiency; the 
Ruston atomiser comprises a spring-closed 

1 From Livens on Oil-engines, Proc. I. Mech. B., 
July 1920. 


needle valve and a number of small oil ducts 
converging to a central orifice. A small 
fuel force-pump operated by a quick-acting 
or “ steep ” cam compels the charge of oil 
delivered by it to lift the spring-closed needle 
valve ; the charge is by this means caused to 
enter the explosion chamber in the form of 
an exceedingly fine spray or 
“ mist ” ; the lift of the needle 
valve is of the order of two- or 
three -hundredths of an inch 
1 only. 

1 (ii.) Method of Worldng . — 

By means of air stored at a 
pressure of 200-300 lbs. per 
sq. in. in a reservoir the en^ne 
T is readily started, and after 

one or two revolutions picks 
I up its working cycle ; starting 

rpj IT is thus efiected from cold, and 

the engine may he run on any 
,, of the usual grades of fuel oil. 

When tar oils are employed 
it is necessary to use about 

— 5 per cent of a more readily 

ignitable or “ pilot ” fuel to 
■ - initiate combustion ; this is 

introduced by a special atom- 
iser fitted with a small needle 
valve inside a tubular, main 
fuel needle valve, served by a 
pilot oil pump. The spring- 
loaded plunger of this pilot pump is operated 
by fluid pressure from the main fuel pump 
in such manner as to absolutely ensure 
the injection into the cylinder of the pilot 
igniting charge immediately before that of 
the main charge. Test residts show that, 
using a fuel of 0*92 sp. gr. and calorific value 
of about 10,000 C.Th.B. per lb. (lower value), 
the consumption per B.H.P. hour ranges 
from 0-48 lb. in the 20 horse-power engine, 
down to 0-40 lb. in the 170 horse-power 
size. This corresponds to an absolute brake 
thermal efficiency of about 0-29 to 0-35, which 
compares favourably with ordinary Diesel 
practice. 

§ (18) “SEMi-DrESEL” ExcrxES.— The 
great economy of fuel consumption of the 
Diesel engine has caused many attempts to 
he made to produce designs in which, 
without much sacrifice of mean efiective 
pressure and economy, production cost and 
weight are saved without having recourse 
to the high-compression pressure used in 
the Diesel engine, and further, by dispens- 
ing altogether with the costly and comph- 
cated high-pressure air blast which has so 
often proved a source of trouble and even 
danger. 

As such designs have been evolved from 
a study of the performance of Diesel engines 
they have come to be styled “ semi-Diesel,” 
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though, as they employ a hot-bulb to ensure 
ignition of the sprayed charge of oil, they 


WATER 
SPRAYING \ 
VALVEv J 


MECHANICAL 

atomizerI 


cyliiiclored designs up to 130 B.H.P. at 200 
revolutions per minute. As fuel, crude 
petroleum, the ordinary fuel oils, and even 
residual or “ refuse ” oils are used. A trial 
of a 50 B.H.P. engine in 1910 showed a 
consumption of crude Russian oil of only 
0-45 lb. per B.H.P. hour, corresponding to 
an absolute brake thermal efficiency of 
•314. 

•Starting is effected by com- 
pressed air ; the time occupied 
in starting from cold, owing 
to the necessary heating of 
the hot-bulb by a blow -lamp, 

I is 10 to 15 minutes. After a 

short period of running the 

iU y 1 blow -lamp is removed, and 

\ the hot -bulb temperature is 
then maintained by heat dc- 
rived from the successive ex- 
plosions ; the ignition is then 
I automatic, as in the H omsby- 
\ Akroyd engine. To prevent 
\ pre-ignition “ knock ” from 

1 occurring, a water drip is 

\ used at three-quarters full 
] load and above ; the wator- 

) spraying valve is indicated 

in Fig, 12. After prolonged 
running at light loads the 
bulb may become too cool, 
and recourse must then bo 
made to the heating lamp in 
order to maintain its tom- 


would be more justly described as “ Akroyd ” 
engines. 

(i.) The G.G. Engine . — A good example of 
this class is the “ C.O.” engine of Messrs. 
Ruston, Proctor & Co., of which a section 
through the combustion chamber end of the 
cylinder is shown in Fig. 12 ; the engine is 
of the horizontal, single-acting, four -stroke 
type. 

Through the inlet valve A, air alone is 
drawn during the suction stroke, and this is 
next compressed into the combustion chamber 
and hot- bulb B. Nearly at the instant 
of maximum compression the charge of 
oil fuel is injected into this hot-bulb by a 
force-feed pump and atomiser as in the case 
of the “ cold starting ” engine described in 
§ (17). The mixture is automatically ignited 
by the hot-bulh as in the Hornsby- Akroyd 
engine, § (14), and after performing the 
working stroke the burnt gases are discharged 
through the exhaust valve E. The compres- 
sion pressure employed is only about 275 lbs. 
per sq. in., and mean effective pressures as 
high as 95 lbs. per sq. in. are attained at 
full load. These engines are built in single- 
cylindered t^e up to 80 B.H.P. running at 
190 revolutions per minute, and in two- 


peratiiro. In this class of 
engine the combustion of the fuel is, in 
general, partly at constant volume and partly 
at constant pressure. ^ ^ 

G. A. B. 


Entropy. If in a reversible change a sub- 
stance receives or loses a quantity of heat 
Q at an absolute temporaturo 6, the sub- 
stance is said to gain or lose an amount of 
entropy given by Q/d. Sco also “ Thermo- 
dynamics.” For Entropy of Fluids sec 
§ (33) ; Entropy of Ideal Gas, § (57) ; 
Entropy of Mixtures, § (62) ; Entropy- 
temperature Diagram, § (26) ; ‘‘ Engines, 
Thermodynamics of Internal Combustion,” 
§§ (9), (10), (25). 

Entropy - TEMPERATURE Diagram. A dia- 
gram in which the condition of a body 
is represented by the position of a point 
whose co-ordinates are temporaturo (ordi- 
nate) and entropy reckoned from some 
standard condition (abscissa). Sco “ Ther- 
modynamics,” § (26). 

Diagrams for Ammonia and Oarhonic 
Acid. See “ Refrigeration,” § (2), Figs. 5 
and 6. 
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Equation of State, Definition and Use op. 
See “ Thermodynamics,’’ §§ (56), (57) ; 
“ Thermal Expansion,” §§ (21), Table, 
(22), (27). 

Equipartition of Energy, Law op. See 
“ Thermodynamics,” § (66). 

Ergometer. An instrument for measuring 
and recording accelerations and retardations. 
See “ Dynamometers,” § (5) (vi). 

Ericsson’s Regenerative Engine. See 
“ Thermodynamics,” § (27). 

Escargot Fan Rraee. A brake convenient 
for testing air - screws. See “ Dynamo- 
meters,” § (2) (viii.). 

Evacuation. See “ Air-pumps.” 

By Absorption. § (52), 

By Absorption in the Electric Discharge. 
§ (53). 

By Chemical Action. § (51). 

By Condensation. § (50). 

Mscellaneous Methods. § (49). 
Evacuators, Theory of. See “Air-pumps,” 
§( 1 ). 

Evaporation under Constant Pressure. 

See “ Thermodynamics,” § (29). 

Expansion, Area and Volume, Coefficients 
OF, deduced from the linear coefficient. See 
“ Thermal Expansion,” § (5). 

Expansion, Linear, Coefficient of: 

At very low temperatures, determined by 
experiment for various substances and 
tabulated x = (^dll<n:)l 

See “ Thermal Expansion,” § (7). 

For various substances, determined by ex- 
periment and tabulated. See “ Thermal 
Expansion,” § (7). 

Expansion, Linear, Mean Coefficient of : 
Between 0° and C., defined by the equation 


where the distance between two points 
in the body at 0° C. is and at f' C. is 1^, 
and X is the mean coefficient of Hnear 
expansion. See “ Thermal Expansion,” 
§ ( 1 ). 

Fizeau’s Interference Method of measuring, 
depending upon the colours of thin plates. 
See ibid. § (3). 

Expansion of Fluids : theoretical considera- 
tions accounting for the departure of their 
behaviour from the laws of perfect gases. 
See “Thermal Expansion,” § (19). 

Expansive Working in Steam Engines. 
See “ Steam Engine, Reciprocating,” § (2) 
(ix.). 

Extensometers. See “ Elastic Constants, 
Determination of.” 

Dial Instruments with Mechanical Magni- 
fication. § (49). 

Double Micrometer Screw Instruments. 
§ (45). 

Ewing’s Combined IVIicroscope and Lever 
Extensometer. § (51). 

Indicating Dial Instruments. § (48). 
Instruments combining a Single hlicrometer 
Screw with a Multiplying Lever. § (47). 
Martens’s I^Iirror Extensometer. § (53) (ii.). 
Methods of arranging and General Principles 
to be fulfilled. § (43). 

Methods of Calibration. § (58). 

Micrometer Screw Extensometers. § (44). 
Microscopic Reading Instruments. § (50). 
Morrow’s Single Mirror Apparatus. § (53) 
(iv.). 

Multiplying Lever Instruments. § (52). 
Using Optical Magnification. § (53). 

External Pressure Correction to a 
Thermometer. See “Thermometry,” § (3) 
(iii.). 


F 

Factor of Safety. See “ Structures, 
Strength of,” § (1). 

Fahrenheit Scale of Temperature : a scale 
on which the numbers 32 and 212 correspond 
respectively to the freezing- and boiling- 
points of water. See “ Thermometry,” § (2). 
Falling Weight Test — called “drop test” 
in U.S.A. See “ Elastic Constants, Deter- 
mination of,” § (35). 

Pan Brakes. See “Dynamometers,” § (2) 
(vii.). 

Fixed Points : 

Thermometric. See “ Thermodynamics,” 

§ (4) ; “ Temperature, Realisation of Ab- 
solute Scale of,” § (3) ; “ Thermometry,” 

§ (3). 

Used as secondary standards of temperature 
and compared with a gas -thermometer 1 


in the range -273° to 0° C. See “ Tem- 
perature, Realisation of Absolute Scale 
of ” § (31). 

Fixed Points, Interpolated : 

On secondary standards of temperature 
between 100° and 500° C. See “Tem- 
perature, Realisation of Absolute Scale 
of,” § (36) (iv.). 

Used as a secondary standard of temperature 
and compared with a gas-thermometer in 
the range above 500° C. See ibid. § (42) 
(iii.). 

In range 100° to 500°, compared with gas- 
thermometer determinations and tabu- 
lated. See ibid. § (36), Table 10. 

In range 500° to 1600°, compared with gas- 
thermometer determinations and tabu- 
lated. See ibid. § (42), Table 13. 
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Fixed Tempeeateres : 

Used as a secondary standard of tem- 
perature and compared with gas-thermo- 
meters. See “ Temperature, Realisation 
of Absolute Scale of,” § (24). 

Used as secondary standards and compared 
with a gas -thermometer in the range 100° 
to 500°. 

1. Melting-point of zinc. 

2. Boiling - points of naphthalene, 

diphenyl, and benzophenone. 

3. Boiling-point of sulphur. 

See “ Temperature, Realisation of Absolute 
Scale of,” § (35). 

Combination of, with a thermal property, 
used for the realisation of gas-thermo- 
meter scales in the form of secondary 
standards. See ibid. § (26). 

Flash-point Apparatus. See “Flash-point 
Determination.” 

The Abel. § (2). 

The Abel-Pensky. § (3). 

The Gray. § (5). 

The Pensky-Martens. § (5). 

FLASH-POINT DETERMINATION 

§ (1) Introduction. — ^The “flash-point” of a 
substance may be defined as that temperature 
at which it begins to evolve vapour in such 
quantity that, on the application of a flame, 
a momentary “ flash ” occurs, due to the 
ignition of the vapour. -This temperature is 
not a definite physical property of the material, 
but varies with a number of subsidiary factors, 
such as the rate of heating, the amount of 
ventilation, the size of the applied flame, and 
so forth, and is thus dependent on the appar- 
atus used and the conditions under which the 
determination is made. 

Notwithstanding the empirical nature of 
this “ constant ” for an inflammable substance, 
it serves to classify such materials into varying 
degrees of danger with regard to fire risk, and 
from this point of view the determination of 
flash-point has been the subject of legislation 
and of official regulations. 

A short consideration of the phenomena 
occurring when a sample of oil is slowly heated 
wdll serve to distinguish flash-point, burning- 
point, and ignition -point. If the oil is placed 
in a small metal basin or crucible and slowly 
heated, vapour is evolved at a rate depending 
upon the nature of the oil and its temperature. 
If a small test flame be applied periodically 
just above the surface of the oil, no result will 
be api)arent so long as the temperature is well 
below the value known as the “ flash-point ” 
of the oil, but as this is approached the test 
flame will enlarge wffien in the neighbourhood 
of the surface of the oil, and at a temperature 
a few degrees higher this enlargement becomes 
more apparent and a flame rapidly travels over 


the surface of the oil and immediately dies 
away. This transient ignition of the vapour 
is termed the “ flash,” and the low'est tempera- 
ture at which it is manifest is known as the 
“ flash-point ” of the oil. If the heating of 
the oil and the periodic application of the test 
flame be continued flashing will also continue, 
and it will be noticed that the duration of the 
flash becomes longer as the temperature is 
raised, until a point is reached when the vapour 
burns continuously instead of merely flashing ; 
the lowest temperature at which this occurs 
is knowm as the “ burning-point ” of the oil. 
In general the heat generated by the com- 
bustion will rapidly raise the temperature and 
the combustion will become more violent, and 
will be maintained without the application of 
any external source of heating. 

If now the experiment is repeated without 
the application of a test flame, there will bo 
no apparent result until a temperature higher 
than the burning-point is reached, when the 
oil will spontaneously take fire and will con- 
tinue to bum. The lowest temperature at 
which this takes place is known as the ‘ ‘ ignition- 
point.” 

The above phenomena are dependent on the 
accumulation of sufficient vapour in the atmo- 
sphere above the oil to form a combustible 
mixture, and this will be largely influenced by 
any circulation which is taking place in the 
surrounding air. If the air is in motion, even 
to a small extent, some of the vapour will bo 
carried away, and it will be necessary to raise 
the oil to a higher temperature to secure the 
same concentration of vapour as would bo 
obtained in perfectly still air. In consequence 
it is not easy to obtain concordant values for the 
flash-point, burning-point, and ignition-fSoint 
by the heating of the oil in an open cup as 
above described, and other ty])os of apparatus 
have been designed to reduce the difficulty of 
making reasonably accurate determinations. 
In most forms of this apparatus the oil cu]) 
is provided with a cover having suitable 
apertures for the introduction of the test 
flame and for ventilation purposes. For dis- 
tinction the two ty]}Gs of tost are usually 
referred to as the “ open test ” and the 
“ closed test ” respectively. 

The first apparatus of the “ closed tost ” 
typ)e was introduced by Sir Frederick Abel in 
1876, and was subsequently known as the 
Abel Flash-point Apparatus. A largo number 
of tests were made to connect the results 
obtained by the use of this apparatus with 
those given by the open test then in use. It 
was found that the mean value of the difference 
between these results was 27° F. for an oil 
which flashed at 100° F, on the open teat. 

Later, in 1880, a modification of this in- 
strument was made by Pensky, who ai)})lied 
a clockwork device to the oil cup cover to 
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perform the opening and closing of the shutter 
and introduction of the test flame. This 
apparatus is referred to as the Abel-Pensky 
Flash-point Apparatus. The provision of this 
mechanism is probably advantageous from the 
point of view of ease of operation, but, as will 
be seen later, it does not tend to any increased 
accuracy of determination of the flash-point. 

The two apparatus above referred to were 
designed with special reference to the measure- 
ment of flash-points over the approximate 
range 60°-110° F. in connection with the 
legislation relating to the sale, storage, and 
transport of illuminating oils ; later, however, 
a demand arose for the determination of the 
flash-point of oils for lubricating and other 
purposes, leading to the evolution of such t 3 ?p)es 
of apparatus as the Gray and Pensky-Martens 
flash-point apparatus, which may be employed 
up to much higher temperatures. The 
essential difference between these and the 
earlier forms of apparatus intended for the 
lower range only is the provision of stirrers in 
the oil cups. 

§ (2) Abel Flash-point Appaeattjs. — The 
official specification for the Abel flash-point 
apparatus will be found in the schedule to the 
Petroleum Act of 1879 (42 & 43 Viet. c. 47) ; 
full details as to the construction and use of 
the apparatus are also to be found in the 
several text-books relating to oil and oil 
testing. ^ The principal dimensions are shown 
in Fig, 1. 

An investigation was carried out at the 
National Physical Laboratory to ascertain the 



differences existing between the Abel and other 
types of flash-point apparatus.^ 

An important consideration that arises in 
the determination of the flash-point is the 
limit of accuracy attainable. The legal 
specification directs that the test flame should 
be applied to the oil every 1° F., and conse- 
quently the accuracy of any single determina- 
tion is limited to 1° F. Departure from the 
specified conditions gives a different value for 
the resulting flash-point, as will be seen later. 


1 Petroleum and Us Products, Sir Boverton Bedwood, 
1906 ii. 550 ; Bandboolc of Petroleum. J. H. Thomson 
and ^ir B. Bedwood, 1906, vi. 82. 

“ Collected Researches, N.P.L., 1912, vm. 19. 


Difficulty, however, arises in the interpretation 
of *a set of results for any one sample of oil, 
since even when the greatest care is taken 
individual readings may differ by 1° or 2° F. 
Furthermore, changes in the barometric press- 
ure produce variations in the resulting flash- 
point, and Sir Frederick Abel investigated this 
matter and found that the flash-point 'was 
raised by 1-6° F. for an increase of 1 inch in 
the barometric reading. Hence it is usual to 
correct all flash-points to a standard baro- 
metric reading of 30 in. Corrections for errors 
of the thermometer, if any, must also be taken 
into account ; the most satisfactory way, 
therefore, of dealing with a set of observations 
is to obtain the mean result and apply the 
necessary corrections for pressure and for the 
thermometer- The true flash-point is then 
taken as the next higher wh^le number of 
degrees, since the flash-point of a substance 
as defined in the official regulations cannot 
be other than a whole number of degrees. 

Before intercomparisons between the several 
types of flash-point apparatus could be carried 
out it was found necessary to investigate the 
conditions of use of the Abel apparatus more 
fully than appeared to have been done previ- 
ously. Among the points to which attention 
was given were : 

(а) Frequency of application of the test 
flame. 

(б) Variations in the time of opening of the 
slide. 

(c) Variations in the temperature of the 
water bath. 

(d) Variations in the depth of the thermo- 
meter bulb below the surface of the oil. 

(e) Size of the test flame. 

The results of these experiments led to the 
following conclusions : 

(a) Increasing the frequency of application 
of the test flame raises the flash-point ; for 
example, if the test flame is applied every 
I degree the resulting flash-points are a degree 
higher, while if applied every J degree the 
flash-point is raised by over 3 degrees ; con- 
versely, a lower flash-point is obtained if the 
test flame is applied at intervals greater 
than 1° F. 

(b) Contrary to the general opinion, the 
effect of increasing or decreasing the time for 
which the slide is open does not affect the 
results except for extreme changes. Thus the 
provision of an automatic mechanism to secure 
constancy in this condition is not essential 
It is interesting to note in this connection that 
a number of the Abel-Pensky automatic covers 
were investigated and It was found that their 
times of opening differed "to a considerable 
extent. This might weU be expected, as it is 
improbable that the strength of the spring 
would remain cons'tant under the conditions 
of use. 
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(c) A change in the temperature of the 
water bath produces a corresponding change 
in the flash-point, the general effect being that 
the flash-point is lowered by 1° F. for each 
13° F. rise in the temperature of the water 
bath above the normal temperature 130° F. 

{d) and (e). The depth of immersion of the 
thermometer bulb below the surface of the 
oil and the size of the test flame were seen 
to play very important parts in flash-point 
determinations, and the question wiU be 
considered later. 

§ (3) The Abel-Pensky Apparatus. — The 
apparatus adopted in 1880 by the German 
Government as the ofi&cial standard design of 
instrument for flash-point determinations was 
based upon the Abel apparatus, but modifica- 
tions were introduced by Pensky, who sub- 
stituted an automatic device for opening and 
closing the ventilation holes and applying the 
test flame in place of the simple slide in the 
English Abel apparatus. In addition, the 
dimensions were sHghtly altered and were 
expressed in metric units instead of inches, as 
in the Petroleum Act of 1879. Fig. 2 indicates 



the important dimensions of the Abel- Pensky 
apparatus in accordance with the German 
schedule. Very complete details are published 
in the official specification ^ and will not be 
further dealt with here. 

The Abel - Pensky apparatus was also 
adopted by the British Colonies and India 
under the Indian Petroleum Act of 1889, 
the German type of apparatus being used 
although the dimensions of the Abel apparatus 
were retained. Two modifications have been 
made to the Colonial type of apparatus for 
sj)ecial purposes ; these provide for a small 
additional thermometer and a stirrer in the 
oil cup for use when obtaining the flash-point 
of inflammable substances such as rubber 
solution, metal polishes, etc., which may 
fall within the scope of petroleum legisla- 
tion. In both these types of apparatus the 
effects of variations in the methods of pro- 

^ Dm Vnraohriften hctroffvnd den AbeVscJieyi Petro- 
leumprober und seine Amvendunff, published 1883 by 
Carl Hermann, Berlin. 


cediire are the same as arc described for the 
Abel apparatus. 

§ (4) The General Theory of Flash- 
point Determination. — The general theory 
of flash-point determination depends on the 
hypothesis that flashing takes place when the 
space above the oil contains a definite j)er- 
centago of oil vapour mixed with air. This 
condition will be reached for a definite tem- 
perature of the oil surface from which evapora- 
tion is taking i)lace, and it is generally assumed 
that it is this temperature which is given by 
the thermometer and is the tomperaturo taken 
as the flash-point. The rate of evaporation, 
however, depends upon the temperature of 
the surface of the oil, and investigation showed 
that this temperature differed appreciably 
from the thermometer reading throughout the 
course of a determination. Furthermore, the 
temperature at different points throughout 
the oil varied by several degrees at any 
one moment. The temperature distribution 
depended in part on the form and dimensions 
of the apparatus and on the relative amounts 
of heat reaching the oil from different sources. 
The method of investigation employed was 
to ascertain those temperature differences by 
means of differential thermocouples of very fine 
wire introduced in such a way as to avoid 
interference with the usual conditions of tost. 
The main source of heat through which the 
rise of temperature of the oil is derived is of 
course the water bath surrounding the oil cups 
through the intermediary of the air space ; but 
it was found that the temperature at the sur- 
face of the oil and that of the vapour wore 
materially influenced by the heating derived 
from the test flame itself. The importance of 
the size of the test flame is therefore obvious, 
and as the result of a special scries of experi- 
ments it was found that an increase of 2° F. 
in the flash-point was obtained when the size 
of the oil -burning test flame in an Abel 
apparatus was decreased to about half the 
normal diameter. Similar results wore found 
for the gas test flames also in general use. The 
explanation of this difference is that with the 
smaller test flame tho oil surface docs not 
receive so much heat indirectly, and conse- 
quently tho temperature of tho bulk of tho 
oil has to be raised to j)roduco tho same sur- 
face temperature ; thus tho flash-point is 
apparently higher. For exact work it may 
be remarked that tho ivory bead on tho cover 
of the apparatus is inadequate as a gauge for 
the adjustment of the size of tho tost flame. 
It is therefore preferable to employ a gas jot 
to which tho supply of gas is controlled by a 
gas meter. In the experimental work to which 
reference is being made tho gas rate adopted 
was 0*10 cub. ft. per hour. 

Investigation of tho throe typos of apparatus, 
namely, the Abel, and tho Colonial and tho 
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German types of Abel-Pensky apparatus, 
showed that the temperature distribution in 
each varied, so that for any definite reading 
of the thermometer the temperature of the 
surface of the oil was different in each of the 
three apparatus. It was further found that 
the temperature of the surface of the oil at 
the moment when flashing took place was the 
same in each of the three apparatus although 
the thermometer readings differed ; the dif- 
ference in flash-point recorded in the three 
types of apparatus is therefore completely 
explained by the consideration of the tem- 
perature distribution in the oil cups. 

The general results of the investigation 
showed that the Colonial t3rpe of Abel-Pensky 
apparatus gave a flash-point 1° F. higher than 
the original form of Abel apparatus, while 
the German type of Abel-Pensky gave results 
approximately 4° P. higher ; further, these 
differences are sensibly constant over the 
range 70°-100° F. Incidentally there is a 
systematic difference amounting to about 
0*5° F. (taking the mean values for a large 
series of observations) between apparatus of 
the same type but fitted vdth oil and gas test 
flames respectively. As might be expected 
from the previous remarks, the gas test flame 
gives the lower flash-point, the flame supplying 
more heat to the surface of the oil, when 
adjusted to the specified size. 

Further light is thrown upon the mechanism 
of flash-point determination by the results of 
a series of tests carried out at the National 
Physical Laboratory at a later date.^ The 
tests in question were carried out on a number 
of fuel oils, using the Gray and Pensky- 
Martens apparatus, and also a modified form 
of apparatus on a much larger scale, which 
dealt with about 50 gallons of oil instead of 
the usual quantity. The latter apparatus was 
designed with a view to ascertaining whether 
a large quantity of oil would flash at a tem- 
perature appreciably lower than the value 
obtained m the usual types of apparatus. The 
conditions were varied over a wide range in 
order to study the effect of different methods 
of ignition and the importance of ventilation 
of the vapour space above the oil. Pealing 
with the latter point, it was clearly seen that 
combustion of the vapour occurred prior to 
an actual flash being obtained ; this is shown 
by the enlargement of the apphed test flame 
at temperatures below the flash-point. If the 
space above the oil is not adequately ventilated 
it becomes charged with the products of com- 
bustion, which may lead to the extinction of 
the test flame or give an apparently high 
result. On the other hand, forced ventilation 
of the surface by the passage of a current of 
air apparently raised the flash-point, as in this 

^ “ Tests of Fuel Oils,” Collected Researches^ N.P.L., 
1916, xiii. 295. 

VOL. I 


case the oil vapour is swept away before 
ignition can occur. Consequently the oil has 
to be raised to a higher temperature in order 
to evolve vapour fast enough to maintain an 
inflammable mixture. 

A variation of this question was also 
investigated. In this instance the oil was 
maintained at a constant temperature and 
the vapour was allowed to collect for periods 
of varying length, the test flame being applied 
after definite intervals had elapsed. Between 
such applications of the test flame the space 
above the oil was completely cleared of 
accumulated vapour by blowing a current of 
air through the space. The result of such 
tests was to show that the higher the tem- 
perature of the oil the shorter the interval 
that was necessary for the vapour to accumu- 
late before the flash could be produced. At 
the lowest temperature at which it was possible 
to obtain any ignition of the oil vapour a 
comparatively long period (from 5 to 10 min.) 
was required before sufficient vapour had 
accumulated, and in these instances the flash, 
when it did occur, was generally of a violent 
nature. With regard to the effect of different 
methods of ignition, it was found that the 
most satisfactory results were obtained with 
a moderate -sized gas flame. Electric sparks 
or hot wires generally necessitated a higher 
temperature of the oil before flashing took 
place, and with the high temperatures a violent, 
in some cases almost explosive, flash was 
obtained. Throughout these tests the oil was 
stirred continuously at such a rate that the 
temperature throughout the bulk of the oil 
was fairly uniform, but not so vigorously as 
to break the surface or to produce splashing. 
Under these conditions it was found that the 
temperature in the vapour space immediately 
above the oil surface was sensibly the same as 
that indicated by the thermometer immersed 
in the oil ; in other words, the question of 
temperature distribution met with in the Abel 
and alhed apparatus does not arise here. 

The ultimate deduction from these tests was 
that the Gray and Pensky-Martens apparatus 
indicate within a few degrees the lowest 
temperature at which it is possible for a flash 
to be obtained over this very wide range of 
conditions ; and furthermore the Abel and 
Abel-Pensky types of apparatus could with 
advantage be modified by the introduction of 
a stirrer in the oil vessel and possibly in the 
vapour space above the oil. A small change 
in the indications of these apparatus would 
no doubt result, but the determination of 
flash-point would become am operation involv- 
ing considerably less care and would not 
depend to any marked extent upon the exact 
form and dimensions of the apparatus 
employed. In any case the flash-point of a 
substance must be regarded as an empirical 

z 
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constant, but the modification suggested would 
render the determination less dependent on 
any particular design of apparatus. 

§ (5) High Temperature Flash-point 
Determinations. — The limiting temperature 
at which a flash-point determination can be 
made in the Abel types of apparatus is about 
110° F. if the normal procedure be followed. 
For higher temperatures than this a modifica- 
tion of the normal procedure may be made in 
that the water bath itself, instead of being set 
initially to 130° F., is heated continuously 
throughout the test until a limiting tempera- 
ture of about 180° F. is attained. In addition 
a small quantity of water is placed in the air 
jacket to facilitate the rise of temperature of 
the oil in the oil cup. This method is liable 
to give discordant results if the rate of heat- 
ing be too rapid, again owing to the unequal 
distribution of temperature in the oil cup. 
Two modified apparatus were introduced to 
overcome this difficulty and at the same time 
to extend the range of temperatures over 
which a test may be made. These apparatus 
are referred to as the Pensky-Martens ^ and 
the Gray 2 flash-point apparatus respectively. 

In both these apparatus the water bath is 
dispensed with and the oil cup is supported in 
a cavity in an iron casting heated from below. 
The Pensky-Martens apparatus has an oil cup 
similar to that of the Abel-Pensky apparatus, 
while that of the Gray apparatus is of the 
same dimensions as the oil cup of the Abel 
apparatus. The covers in each apparatus 
differ somewhat in detail, but both are provided 
with a rotating plate by means of which the 
ventilation holes are opened and the test flame 
depressed into the vapour space. Each in- 
strument has a rotary stirrer provided with 
vanes which agitate both oil and vapour. In 
carrying out an observation the stirrers are 
worked continuously between the intervals at 
which the test flames are applied. The 
provision of these stirrers ensures that the 
thermometers indicate the true temperature of 
the vapour, and in practice it is found that both 
types of apparatus give sensibly the same 
flash-point. In carrying out a determination 
care should be taken that the rate of heating 
of the oil is slow and regular. The thermo- 
meters employed should be calibrated for the 
degree of immersion obtaining in the apparatus, 
otherwise it is necessary to apply a correction 
to allow for the emergent column. This 
correction is by no means negligible, as under 
the conditions of immersion in a flash-point 
apparatus the correction will amount to as 
much as 15° C. at 300° C.® 

In carrying out the determination of flash- 

^ A. Martens, “ fiber die Flaminpunkthestimmungen 
von tSchinierolcii/’ JSlitth. k. techn. Versuchs(mst,,lH0Z, 
xl 37-45. 

® Gray, Chem. Ind. Soc. J., 1891, x. 348. 

’ Bee “ Thermometry,’* § (9). 


point of an oil the presence of moisture gives 
rise to considerable uncertainty, and even a 
small quantity may prevent the oil flashing 
until the water has been driven off. The 
temperature at which this occurs may be well 
above the normal flash-point of the oil and the 
resulting flash may be very violent. The drying 
of oil prior to testing the flash-point is a matter 
of considerable difficulty, as heating the oil to 
100° 0. may change it and thereby vitiate 
subsequent tests. Various methods have been 
suggested, such as drying with anhydrous 
calcium chloride or by exposing the moisture- 
containing oil to a high-tension discharge ; 
neither of these methods is entirely satis- 
factory in removing every trace of moisture, 
but undoubtedly helps in preparing an oil for 
a flash-point determination. 

§ (6) Ignition Points. — Although not of 
importance in connection with the legal aspect 
of flash-point determination, the ignition points 
of oils are frequently required in connection 
with internal combustion engine problems. A 
number of methods have been devised from 
time to time to carry out this determination 
without danger to the operator. The simplest 
form consists in allowing drops of oil to fall 
upon a heated iron plate. This method has 
been modified by H. Moore.'* In this apparatus 
the iron plate is replaced by a grooved block 
of steel which may be heated from below ; in 
the upper part of the block a cavity is provided 
into which a platinum or nickel crucnblo fits 
exactly. The crucible is covered by means of a 
perforated plate, one hole of which permits the 
introduction of the sul)atancc to bo tested 
while the other serves as an inlet for air or 
oxygen. The gas employed is heated before 
admission to the crucihlo by being allowed to 
circulate through passages in the steel block. 
In operation the apparatus is raised to a 
definite temperature and one drop of the oil 
under examination is allowed to fall into the 
crucible. If the temperature is above the 
ignition point of the sample, combustion, more 
or less violent, takes place, while below the 
ignition temperature no explosion or flame is 
observed. Tests are repeated until the lowest 
point at which ignition takes place is deter- 
mined. w. F. H. 


Flash-point Determination at Kigh Tem- 
peratures. See “ Flash-point Determina- 
tion,” § (5). 

Flexible Container Tumps. See “ Air- 
pumps,” § (20). 

Float Gauges. See “ Meters, Liquid I^evcl 
Indicators,” § (14), Vol. III. 

Flow in Pipes, Measurement of. See 
“ Hydraulics,” § (24). 

* Petroleum TechnologUt Inst J., 1920, vi. 186. 
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Fluids : 

Motion of. Application of Dynamical 
Similarity to. See “ Dynamical Simi- 
larity, The Principles of,” § (10). 
Thermodynamic, Properties of. See 
“ Thermodynamics, Entropy of,” § (33) ; 
“ Specification of State of,” § (35) ; 
“ Isothermal Expansion of,” § (36) : 
“ Adiabatic Expansion of,” § (38). 

Under High Pressures, Experimental Re- 
searches on. See “ Thermal Expansion,” 
§ (18). 

Forging Press, Hydraulic. See “Hydrau- 
lics,” § (57) (i.). 

Fottinger Gear for Hydraulic Power 
Transmission. See “ Hydraulics,” § (65). 
Foundations in Soft Earth. Theory of the 
supporting power of earth foundations. See 
“ Friction,” § (33). 


FOURIER’S THEOREM 

This relates to the expansion of an arbitrary 
function f{x) in terms of circular functions 
of a particular type. Consider, in the first 
instance, the case where J{x) is itsehc periodic, 
i.e. its value recurs exactly whenever the 
variable has a given constant increment a, 
so that + . . . (1) 

for aU values of x. The simplest example 
of this relation is afforded by the circular 
functions cos (2s7ra;/a) and sin (2sTxla), where s 
is any integer. The theorem is that whatever 
the form of /(a:), subject to certain restrictions, 
it can be approximated to as closely as we 
may desire by a series of terms of the above 
type, thus 

/(a:) = Ao + Ai cos +A 2 cos — + . . . 


. 27rx . 4:Trx , fci\ 

+ sm 1- Bo sm + . - • (2) 

^ n. CL 


integral vanishes. When r = -s the result is 
Ja. Hence 

A, =1 f(x) cos ?^dx. . . (4) 

By a similar process 

3s=-j f(x) sin^^^dx. . . (5) 

a Jo a 

For an account of various practical methods 
of computing the coefficients, and of the 
mechanical integrators which have been 
devised to supersede the numerical work, 
see “ Harmonic Analysers,” Vol. IV. 

There is nothing special to the two points 
x=0, x=a, which have been taken as the 
limits of the above integrations. Any two 
points at an interval of a period vUl give the 
same result. In particular, writing I for the 
half-period, we have 

f(x)=Ao + Aj cos -j- + A 2 cos • ■ • 

-f Bj^ sm — 1 "B 2 sin j~ + . . (o) 

where 

Ao = iJ^ f(x)d^, A, = jj^^/(a;)cos^pda, (7) 

and f{x)sm^^^^^. . * (8) 

This leads to two particnlar cases of special 
importance. If f{x) be an even function of x, 
so that f{-x)=f(x), . . . (9? 

we have 

=Ao+AiCos^-f A2 Cos^^+ . . (10) 

with 

As=jf‘f(x)sm^. ( 11 ) 

^ Jo Jo 


Assuming for the present the truth of the 
theorem, the values of the coefficients are 
found as follows. To find Aq, which is 
evidently the mean value of the function, we 
integrate both sides of (2) from a;=0 to a;=a. 
This gives . 

A<,=-( f(x)dx. . . . (3) 

0-Jo 

To find Aj we multiply both sides of (2)^ by 
cos ( 2 s 7 ra:/a) and then integrate. The coefficient 
of A,, in the result is 

r® 27rra; 2s7rXj 

Jo ^ “ 

, r I 2ir + s)Trx . 2(r-5)7ra:'| ^ 

+ ^ 

Except in the case of r=5 each cosine goes 
through a complete cycle of its values at least 
once within the range of integration, and the 


Again, if f(x) be an odd function, so that 

f(^-x)=-f{x), . . (12) 

we have 

=BiSm y +B 2 sin^^- + . . (13) 

where B8=| ['/(x) sin dx, . . (14) 

' 0 

In many applications, especially when the 
variable a; is a space co-ordinate, we are con- 
cerned only with a limited range of x, say from 
0 to Z. As instances we have the vibrations 
of a string, and the flow of heat through a 
plate. Outside the above limits the function 
fix) may not exist, so far as the physical 
problem is concerned, hut we are at liberty 
to imagine it continued analytically both 
ways as a periodic function. We are further 
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at liberty to suppose it continued as an odd 
or as an even function of a:, as is illustrated 
by the annexed figures. It is to be noticed, 
however, that in the second case the process 
of continuation introduces discontinuities at 
= U unless /(a:) vanishes at these points. 



FIG. 1. 
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Fig. 2. 

Similarly, in the original form (2) of the 
theorem, if the fimction is continued with a 
period a, discontinuities will be introduced at 
a;=0, a; = a, unless /(O) =/( a). 



A complete statement of the conditions 
under which the theorem (2) holds is not 
attempted here. For physical purposes it 
may be sufficient for the moment to say that 
the expansion is valid provided f{x) be con- 
tinuous, and has (within the period) only a 
finite number of maxima and minima. The 
mathematical proof, which is necessarily 
somewhat intricate, must be omitted, but 
physical arguments of a very convincing kind 
are eavsily adduced. Suppose, for example, 
that X is measured along the circumference 
of a uniform thin metal ring whose total 
perimeter is a ; and let f{x) denote the initial 
distribution of temperature. If radiation 
from the surface be neglected, the theory of 
conduction of heat indicates that the subse- 
quent process is made up by superposition of 
the various “ normal modes ” of approach to a 
steady state, with arbitrary coefficients, thus 


This being granted, the initial distribution 
f{x) must correspond to i = 0. Hence f{x) 
must admit of expansion in the form (2). 
Arguments of a similar character might bo 
adduced from Acoustics, and other branches 
of Physics. 

The restriction as to continuity, above made, 
can to a certain extent bo dispensed with. 
Provided the discontinuities are of finite 
amount, and occur (within the range of a 
period) only at a finite number of isolated 
points, the expansion (2) will still hold except 
at the points of discontinuity. At such a 
point the vahie of f{x) is of course ambiguous, 
but it may be proved that the series on the 
right-hand side of (2) converges to a definite 
value which is the arithmetic mean of the 
values of f{x) immediately to the left and 
right of the discontinuity. This applies in 
particular to the discontinuities which may 
be introduced when a function given over a 
finite range is continued as a periodic function, 
in the manner already explained. 

Suppose, for instance, that it is required 
to express in the form (13) the initial tempera- 
ture of a conducting slab bounded by the planes 
x=0f x=lf and, for simplicity, that the initial 
temperature is everywhere unity. Putting 
J{x) = 1 we have 

B« = y/' sin (1 -cos 57r). (17) 

V Iq l> 

This is equal to 4/57r or 0, according as 6* is 
odd or even. Thus 

, 4 / . STTX . . 357ra: 

+ ...). (18) 

When in this case f{x) is continued as an odd 
function there is a sudden change from 1 to 
-1, or vice versa^ at x = 0 and x-l. The 
series has then the value zero, which is the 
arithmetic mean aforesaid. The figure shows 
the approximation given by the first throe terms 
of the expansion. It may be added, in leaving 



A A ^TTX t A - XJ , 

Ao-fAiCos~~e Ag cos ~^e ''“‘'-f- ... 

-f Bj sin - e“ -f Bo sin “ ^ 2 ^ -1- • • •> (lb) 
whore A, = 47r/c,?^/a2. . . (16) 


this topic, that in the applications to physical 
problems a mathematical discontinuity (e.g. of 
temperature) is only to bo regarded as the 
idealised expression of a very rax)id transition. 

In practice there is, of course, a limit to 
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the number of the coefficients A^, which it 
IS convenient to calculate. The rapidity with 
which the series converges depends on the 
smoothness or regularity (in a general sense) 
of the function f{x). It is evident that the 
coefficients, as determined by (4) or (5), must 
ultimately diminish without limit as the 
order s increases, owing to the more and more 
rapid fluctuations in sign of the circular 
functions cos (2s7ra;/a) and sin {^sirxja), and the 
consequent more complete cancelling of the 
positive and negative elements in the integrals. 
More definite results were given by Stokes. 
If the function /(rr), as co'/vtinued, has only 
isolated discontinuities, the coefficients ulti- 
mately diminish as l/s : this is illustrated by 
(18). If f(x) is everywhere continuous, whilst 
its derived function /'(.r) has isolated discon- 
tinuities, the convergence is as 1/a^, and so on. 
The present point has many exemplifications in 
Acoustics. For instance, the more gradual the 
initial impulse given to a string, the fainter 
are the higher harmonics in the resulting note. 

The approximate representation of an 
arbitrary function over a given range by 
means of functions of a specified type is a 
problem which naturally admits of solution 
in various ways. It is of interest to note that 
Fourier’s method is the one which makes the 
sum of the squares of the errors a minimum . 
Taking for brevity the sine-series (13), and 
limiting ourselves, in the first instance, to a 
finite number of terms, the sum of the squares 
of the errors is 

fH \ -o • T» • Sra; 

j |/(a;)-BiSmy . . , 

-BOTsin^^^j- dx. (19) 

To make this a minimum we must equate 
the difierential coefficients with respect to 
Bi, Bg . . . , to zero. The typical 

equation is 

f^f s -D ^ TVX ^ . 2TrX 

J |/(ic)-Bism-y-B2sm-^~ . . . 

. 7nTX] . STTX^ ^ 

— Bm sm — J- 8m~j-dx= 0, (20) 

whence sin^dx, . , (21) 

as in (14). Each additional term included 
iu the series necessarily lowers the minimum, 
and so improves the approximation, as tested 
by the method of least squares. h, l. 


Fotjuth - POWER Law, Tnvestigatioe op, 
between 1063° C. and 1549° C. See 
“ Pyrometry, Total Radiation,” § (4). 

Frame is the name given to the rigid struc- 
ture to which portions of a mechanism are 
attached and relative to which they move. 
See “ Kinematics of Machinery,” § (2). 


Framed STEtJcruRES. See “ Structures, 
Strength of,” § (22). 

Free Piston, Internal Combustion Engine, 
Otto and Langen. See “ Engines, Thermo- 
dynamics of Internal Combustion,” §§ (33) 
and (49). 

Freezing !Mixtures, Theory op. See 
“ Thermodynamics,” § (63). 

FRICTION 

Introduction. — Friction may be broadly 
defined as the resisting force which is called 
into existence at the common boundary of 
two substances in contact when under the 
action of some external agency one of the 
substances slides, or tends to slide, over the 
surface of the other. The direction of the 
force of friction is tangential to the surface 
of contact, and so long as there is no motion 
its magnitude is equal to the component in 
the direction of motion of the external force 
tending to produce sUding. 

The phenomenon of friction is common to 
all substances, solid, liquid, or gaseous, which 
may be in contact with each other and subject 
to forces tending to cause relative motion, 
but the laws correlating the magnitude of the 
frictional forces produced, with the magnitude 
of the external forces acting and the state of 
motion produced by them, difier widely with 
the nature of the substances. For example, 
the friction between the wheels of a loco- 
motive and the rails, in virtue of which rail- 
road traffic becomes possible, depends on the 
weight on the wheels and not on the speed of 
the wheels, whereas the frictional resistance 
of the water to the motion of a ship floating 
on it depends on the speed of the ship and is 
independent of the pressure of the water. 

The term friction has also been extended, 
with certain restrictions, the necessity for 
which will be explained below, to include 
the mutual resistance which different parts of 
the same substance offer to sliding over each 
other. That this interpretation must, of 
necessity, be extended to fluids is obvious 
from the consideration that in the case of the 
skin friction of a ship referred to above, the 
particles of the water in contact with the 
surface of the ship are at rest relatively to it, 
and the sliding to which the resistance is due 
takes place in the body of the water itself. 
The resistance to motion of the ship is, there- 
fore, due to the shearing resistance of the 
water in which it moves, and for this reason 
this shearing stress is commonly called the 
internal friction of the water. In the case of 
an elastic solid, however, the conditions of 
relative motion of its particles due to the 
action of external forces are more complex. 
For example, suppose a vertical elastic rod 
is supported rigidly at its upper end and 
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carries at its lower extremity a mass which 
executes free torsional oscillations about the 
axis of the rod. During each half- oscillation a 
certain amount of the work done by the rotat- 
ing mass is stored up as potential energy in 
the rod and this is given out again to the 
mass on the return movement. It is found, 
however, that the amplitude of the oscillations 
diminishes much more rapidly than would 
be due to the resistance of the air in which 
it swings, and it is concluded that frictional 
resistances have existed in the material of the 
rod to bring this about, i.e. the rod has a 
certain amount of internal friction or viscosity. 
In this particular illustration we have, there- 
fore, a case in which part of the work done 
against the resistance to distortion is stored 
up as potential energy of the material and part 
is converted into heat. That the two pheno- 
mena are essentially different will he seen 
from the fact that in the elastic distortion 
the resistance is proportional to the relative 
displacement, whereas in the case of internal 
friction, or viscosity, the resistance is propor- 
tional to the time rate of relative displace- 
ment. 

The necessity for the restriction of the use 
of the term friction to those eases in which 
the work done against the frictional resistance 
is converted into heat is, therefore, obvious. 

From these considerations it will be seen 
that a more precise definition, of friction than 
that given in the first paragraph would be 
a.s follows. The resisting forces brought 
into existence at the surface separating two 
substances in contact, or two parts of the same 
substance, by the action of any external 
agency tending to produce relative motion at 
the surface are denominated frictional forces 
in all cases in which the w'ork done by them 
is converted into heat. 

In previous works on tbe subject of friction 
it has been customary to classify all cases of 
frictional resistance under one or the other 
of the following two divisions : 

(а) Friction between solid bodies in con- 
tact ; the frictional resistance being subject 
to certain empirical laws. 

(б) Friction between solids and fluids or 
between solids separated by a film of fluid ; 
the resistance being determined from the 
motion and pnysical characteristics of the 
fluid. 

In recent years, however, it has become 
more and more recognised that this broad 
division of the subject cannot be made for the 
reason that it is almost impossible in prac- 
tice to obtain contact between solid surfaces 
without the intervention of a contaminating 
film of fluid which renders the phenomenon 
one in which the nature of the resistance is 
to a greater or less extent dependent on the 
characteristics of the contaminating film. 


The modern tendency is, therefore, to regard 
the frictional resistance of solids in contact 
and moving relatively to each other as a 
limiting case of the friction between the 
solid surfaces separated by a layer of fluid 
when the thickness of this layer is diminished 
to such an extenu that its motion can no 
longer be treated by the laws of hydrodynamics, 
so that the unknown boundary conditions 
constitute the main characteristics governing 
the resistance. 

For this reason it is proposed in the present 
article to commence with the treatment of 
the internal friction of fluids and the manner 
in which it is affected by the characteristics of 
the motion, and then to proceed to a discussion 
of the force acting at a solid bounding surface 
of a fluid tangential to the direction of the fluid 
flow, in the first instance when the conditions 
at the boundary are known, and finally when 
these conditions are hypothetical. 

The detailed classification of the subject- 
matter of the present article will therefore be 
as follows : 

Division I. Internal Friction, or Viscosity. 

Division II. The Nature of the Motion of 
Fluids over Solid Surfaces and the Character- 
istics of the Frictional Forces Consequent on 
the Motion. 

Division III. The Determination Theoreti- 
cally and by Experiment of the Frictional 
Resistance offered by Solid Surfaces to the 
Motion of Fluids over them, in all Cases in 
which the Resistance is determined by the 
Motion of the Fluid. 

Division IV. The Frictional Resistances 
between Solid Surfaces separated, or Partially 
separated, by a Film of Fluid of such a Depth 
that the Fluid docs not Conform to the Laws 
of Hydrodynamics. 

Division V. The Frictional Resistance of 
Clean Solid Surfaces. 

Division VI. The Relation between Friction 
and Heat Transmission. 

I. Internal Friction, or Viscosity 

§ (1) Visootrs Fluids. — In distinguishing be- 
tween solids and fluids it is customary to define 
a fluid as a substance which is incapahlo of 
sustaining tangential or shearing stress, ^fhis 
definition, however, is only true in the case of 
actual fluids when they are at rest. When 
relative motion exists botwuen neighbouring 
portions of the same fluid, a measurable resist- 
ance to the relative motion can bo observed 
and affords a proof that actual fluids are 
capable of sustaining shearing stresses ; the 
fluid is said to exhibit the property of viscosity 
or internal friction. It would appear prob- 
able, therefore, that some deiinite relation 
exists between this shearing stress in fluids 
and the rate of distortion of the fluids of 
which it is the characteristic feature. It was 
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assumed by Newton that, for a fluid moving 
in parallel layers, the shearing stress at any 
point at which the velocity gradient in a 
direction perpendicular to the layers was 
dvjdy, would be simply proportional to the 
value of the gradient, i.e. that the relation 
between internal friction and the relative 
motion would be given by 


where ji, called the coefficient of viscosity, is 
a fundamental characteristic of the fluid. 

The definition given by Maxwell is as follows : 

The coefficient of viscosity of a substance 
is measured by the tangential force on unit 
area of either of two horizontal* planes at unit 
distance apart, one of which is fixed while the 
other moves with the unit of velocity, the 
space between being filled with the viscous 
substance. 

The interpretation of the coefficient of 
viscosity of a fluid, according to the kinetic 
theory of matter, is as follows : 

Let AB [Fig. 1) represent the trace of a 
plane in the fluid, parallel to 
the direction of motion, and 
let there be a definite gradient 
of velocity at right angles to 
AB as indicated by the lines 
parallel to AB representing 
the magnitude of the velocity 
of the layers relative to the 
velocity of AB, so that the molecules im" 
mediately above AB are moving faster than 
those below it. Some of these molecules 
will cross AB from the upper to the lower side 
and an equal number will pass upwards to 
replace them. Thus the layer immediately 
above AB is continually losing momentum 
and that below is continually gaining it. The 
effect is to bring into esstence a definite 
shearing stress on the plane AB which con- 
stitutes the viscous drag. The internal friction 
of fluids consists therefore of a transfer of 
motion from one layer to the other, hut this 
transfer does not proceed without loss of 
energy, siace the translatory motion of the 
layers is transformed into heat. This is 
evident from the consideration that heat 
motion differs from translatory motion only 
in the fact that in the former case particles 
are moving in all possible directions and in 
the latter in one and the same direction and 
that a change from uni-directional motion 
to multi-directional motion cannot fail to 
take place in a medium which consists of 
particles which exert actions on each other 
by the forces of cohesion or collisions. 

§ (2) Viscosity of Gases.— In the case of 
gases in which the molecules are supposed to 
be outside the sphere of each other’s attraction 
during the greater part of the time considered 



it is possible by means of the dynamical theory 
to obtain the value of the coefficient of vis- 
cosity in terms of the characteristics of the 
gas A 

We picture the gas as composed of a very large 
number of molecules, moving -with varying velocities 
in all directions and influencing each other by their 
collisions- Let us consider a group consisting of 
N molecules contained in a unit of volume in the 
form of a cube ; then we may suppose, with Joule, 
that the average velocity at right angles to each 
face of the cubes is the same, so that if V be the 
mean resnltant velocity and % z\ w the components 
we have -\-v^-\-w^=Zu\ for u, v, w are 

equal 

Thus we may regard the gas as consisting of three 
groups each containing N molecules and moving 
with equal velocities in the three directions 

at right angles, or as three groups, each containing 
N/3 molecules, moving with velocity V in each of 
the three directions in question. In either ease the 
energy of agitation wfll 1^ the same. 

Adopting this latter view it is clear that considering 
the whole number of molecules N in unit volume 
of the gas, since one-third of this number will he in 
motion perpendicular to any two opposite faces of 
the unit cube containing them, and of fhese half are 
moving towards cither face and half away from it, 
therefore the number which will be moving from 
the upper to the lower side of any one face will 
be one-sisth of the total Farther, considering all 
the molecules which pass through this face from the 
upper to the lower side in unit time, it is evident that 
these will be limited to the molecules whose distance 
from the face at the b^inning of the time interval 
was less than the length of the path which they would 
travel in unit time. Hence all the molecules which 
cross the face from the upper to the lower side in 
unit time come from the prism whose base is the face 
and whose height is measured by the velocity V of 
the mol^ules, i.e. they all come from a prism of 
volume V. The number of molecules, therefore, 
which cross unit area in unit time in this direction 
is It must be remembered also that each 

of these molecules has only been moving in a direc- 
tion perpendicular to the face of the unit cube, 
since its last collision, and that therefore it will 
only form one of the group during the time which 
elapses from one collision to another, i.e. over the 
distance known as the molecular free path L, the 
average distance travelled by a molecule between two 
collisions. 

Now assuming the existence of a velocity gradient 
perpendicular to the face of the cube whose value is 
unity, i.e. that the velocity of flow at a distance “ y ” 
above the unit face is numerically equal to “y’’ 
so that according to our definition, the friction over 
the face measures the coefficient of viscosity, we can 
calculate the friction between the two layers of gas 
separated by the unit face as follows : number 

of particles which pass the face from one side to 
the other per unit of time is -^NV. These have begun 
their path towards the fa.ce at different depths, 
but on the average they come from a distance from 
the face which is equal to the mean free path L, and 
have described this distance in. the unit of time. 

^ Jeans, Kinetic Theory of CkLses. 
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Their mean forward velocity is therefore given, by 
V=L. Therefore each molecule carries with it over 
the face the momentum mL, where m is its mass, and 
the total momentum carried over in unit time is 
-^NVmL. 

Simultaneously there pass in the opposite direction 
across the face ^ NV molecules, each of which comes 
from an average distance from the face of — L and 
whose mean forward velocity is given by V = — L. 
The total momentum carried over in this direction 
is therefore — 

Therefore the layer above the unit face loses in 
unit time the momentum 

^NVmL-(-iNVw^L) 

=^3!TVmL, 

and this, by hypothesis, is the amount of the friction 
exerted on the face, and is the expression for the 
coefficient of viscosity. Since Nw is the density (p) 
of the gas we may write 

m=4pVL. 

If, instead of making the assumption that all the 
molecules have equal speeds, we assume Maxwell’s 
law for their distribution, it can be shown that a 
more accurate value of the coefficient of viscosity is 
given by _ 

ia«0*30967pVL, 

where V is the mean value of the speed derived from 
Maxwell’s law. (See Meyer’s Kinetic Theory of 
Oases, Appendix iv. p, 451.) 

Substituting in these equations the value obtained 
by Clausius for the mean free path 



where s is the radius of the sphere of action of the 
molecules and X is the volume occupied by a single 
molecule, we have 

m^rnV 


and since NX® = 1, n=- — 

47rs- 

In this expression for /i there is no factor 
which depends on the pressure of the gas, a 
deduction from the theory which led Maxwell 
to predict that the viscosity of a gas would 
be independent of its density, and thus that 
the oscillations of a pendulum in a gas would 
be equally damped by gaseous friction, how- 
ever low the pressure might be. 

This conclusion was so much opposed to the general 
opinion of physicists at the time that the experi- 
mental verification of Maxwell’s prediction, winch 
took place soon afterwardsj was perhaps the most 
important factor in the acceptance by physicists' 
of the kinetic tlieory. It has been found, however, 
that when the pressure of a gas is reduced to extremely 
small values, the viscosity no longer remains constant. 
This lower limit has been found by Kundt and 
Warburg to be in the neighbourhood of one-sixtieth 
of an atmosphere. As would be expected, there is 
also an upper pressure limit at which the law no 
longer holds, since at high pressures the general 


assumptions of the theory are not approximately 
correct. 

A further deduction from the kinetic theory as 
originally developed by Maxwell and Clausius was 
that the viscosity was proportional to the square 
root of the absolute temperature of the gas. Experi- 
mental investigation, however, failed to establish 
this relation, and it was found that the actual law 
of variation of (Jl with T was given by ^qo T” 
where n ranged from its lowest value of about *7 for 
hydrogen to about 1 ‘0 for the less perfect gases. On 
the assumption that n was equal to unity for all 
gases Maxwell deduced that the molecules must repel 
each other with a force inversely proportional to tho 
fifth power of tho distance between them. This 
hypothesis, however, had to be abandoned when it 
became certain that n was a variable quantity. By 
a re-examination of tho fundamental assumptions 
on which the kinetic theory was based Sutherland 
was led to the conclusion that, although tho attrac- 
tion between two molecules of a gas is negligible 
at their average distance apart, yet, when two 
molecules are passing quite close to each other the 
force of attraction can bring about a collision which 
in its absence would not have taken place. 

On this hypothesis Sutherland ^ has deduced from 
the equation of tho orbit of a molecule that tho 
effect of the molooular attraction in producing 
collisions is to diminish the mean free path L in the 
ratio: (l4-c/T), where c is a constant for tho gas. 
It follows therefore, from tho expression 
that since G varies as n/t and L varies inversely 
as (1-1-c/T), the value of fx will vary as 

1+c/T 

In an experimental investigation into the viscosity 
of air (see § (5)), it was found by Grindloy and Gibson 
that this relation held with considerable accuracy 
between tem]1'eratures of 0 and 100°, the maximum 
deviation of tho experimental results from tho above 
law being 1-3 per cent. 

§ (3) The Experimental .Determination 
OF THE Values of Coeffioibnts of Viscositv" 
FOR Fluids, (i.) Equations of Motion . — As 
the majority of tho methods used to measure 
viscosity depend on a rclati(m between tho 
motion of the fluid and the variations of its 
pressure from point to point, a brief account 
of the derivation of the equations of motion 
of a viscous fluid is hero given. 

Assuming the truth of tho Newtonian hypo- 
thesis, the equations of motion of the fluid 
can be obtained as follows : If we imagine 
three planes to be dravm through any point 
P in the fluid perpendicular to tho axes of 
X, y, and z respectively, tho throe components 
of the stress per unit area exerted across tho 
first of these planes may be denoted by 

Vxz respectively ; those of the stress 
across the plane perpendicular to ?/ by 
Vvy> Pvz ’ those of the stress across tho i)lano 
perpendicular to 2 by p^^. 

It follows at once that, considenng an 

^ “ Viscosity of Gases,” PhU. Mag., Dec. 1893. 
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element dxoyZz having its centre at P, and 
taking moments^ 

Pvz 'PzVi Pzx ~Pxz) Pxv —pyx- 

Also, if _p 2 j P^ I’f' the principal stresses at P, 
it can be shown (a) that ^ 


Pxx+Pyy^Pzz=Pi + V2+Pz\ • ( 1 ) 
?*.e. the arithmetic mean of the normal press- 
ures on any three mutually perpendicular 
planes through the point P is the same and 
equal to p (say) ; and (h) that the values of 
the stresses in terms of p, the coefficient of 
viscosity ix, and the rates of distortion are 
given by the expressions 


^ ^ 2 ov ?w;\ - dtfc 


Pvv — ~ P~ zP' 


fbu , dv cw\ _ 

{ r — P ji 1- ~ — j + 

\qx 'ey cz J 

^ ^ o , 'cv , cw\ , . 'em 

Pzz P~ 'i'r 1 7~ I P 2jJL~7r~ 

\cx 'ey 'czj ^ cz 


^ _ (evi 'dv\ 




• (2) 


The condition for ‘'laminar motion” — 
motion, that is, in which the fluid moves in a 
system of parallel planes, the velocity being 
in direction everywhere the same, and in 
magnitude proportional to the distance from 
some fixed plane of the system — ^is seen to be 


u — ay, t;=0, 

from which it follows that the axis of x being 
taken in the direction of motion and the 
velocity being proportional to the distance 
from the plane zx 


Pxx-Pyy=Pzz= -p, Pvz=0, Psx = 0, Pxy^pa, 
“ a ” being the rate of distortion. 

The stresses in different fluids under similar 
conditions of motion will be proportional to 
the corresponding values of y, but if we wish 
to compare their effects in modifying the 
existing motion we have to take account of 
the ratio of these stresses to the inertia of 
the fluid. From this point of view the deter- 
mining quantity is the ratio /^/p, which is 
denoted by the special symbol v, called by 
Maxwell the " kinematic ” coefficient of vis- 
cosity. The equations of motion are obtained 
by considering the forces acting on a rect- 
angular element having its centre at P. Thus 
resolving parallel to x, the difference of the 
normal pressures is (dp^Jcx)hx8yBz, The tan- 
gential tractions on the zx faces amount to 
{dpyjdy)dydxdz, and those on the xy faces are 


^ Lamb’s Hydrodynamvis (1916 ed.), p. 569. See 
also “Elasticity, Theory of,” § (6). 


{dp^Jcz)5z5x6y. If therefore X, Y, and Z are 
the components of the external forces per 
unit mass, we have 


Dw 


cx 'cz 


^Dt ^ cx 'ey 




"cpzv 

'cz 


Ut cx cy rz 


(3) 


where ^)/P^ denotes a differentiation following 
the motion of the fluid, i.e. 


'h '6 'b 'b 

fvi + V—+W^, 

Di ct bx 'ey cz 


Substituting the values of p^.^, etc., given 
above, we have 


T>u 


= pX - ^ -f /i V 


* (4) 


where 
and ‘ 


etc. . 


'cu 'cv 'cw 

' ^ ^ "i f 

cx cy cz 



When the fluid is incompressible, these 
reduce to 




cx 


pg’=,z-|+^vJ 


(ii.) FkfW through, a Circular Pipe . — ^As an 
example of the applications of these equations 
we may take the important case of the steady 
flow of a liquid through a pipe of uniform 
circular section. 

Taking the axis of 2 : to be coincident with 
the axis of the pipe, and assuming that the 
velocity is everywhere parallel to z, and 
dependent solely on the distance from the 
axis, we have ^^? = 0, ?;=0, and therefore 
from (5) 


,££= 0 . £^=o, 

CX cy 


( 1 ) 


i.e. the mean pressure is uniform over each 
section of the pipe. Again, from (5) we have 


("ohjo g^\ 


( 2 ) 


where p is a function of z. Transforming into 
polar co-ordinates r and 6 

'bp ("chjo 1 'cw 1 'd’hjo\ 
r 'cr^ r^'cB^ 


and, since by symmetry w is independent of 
d, the last term on the right-hand side vanishes. 
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Hence the eq^uation may be written 


or integrating 


'd / W\ 
''dr\"dz) [j.^dz 




(4) 


(5) 


Since the velocity must be finite at the axis 
A=0 and, if B be determined on the assump- 
tion that ^^; = 0 at the boundary, i.e. there is 
no slipping at the wall of the pipe (r~a say), 
we have 

(g^ - y^) ^ 

02‘ ‘ 




4:fX 


(6) 


The flow across any section is therefore 
g* 


w . %irr^tr — 


8ya ^6z 


(7) 


Thus if V he the volume passing in time T so 
that the flow is V/T, we have 
g^ dp 


V=T- 


Sfji dz 


If the fall of pressure along a length I of the 
tube is uniform and equal to Pi-p^i this 
equation may be written 

V=T— 

S/UL I 

If, on the other hand, the possibility of a slip 
at the boundary is not excluded, the most 
natural assumption to make is that the slip- 
ping is resisted by a tangential force propor- 
tional to the relative velocity,^ i.e. the 
boundary condition would be 
"dw _ 

where is a slipping coefficient, or 

This determines B in equation above, so that 


r / gg ~ r^-i-2\a \ 
^“' 02 ; \ 4 ^ )' 


If \/a is small, this gives sensibly the same law 
of velocity as in a tube of radius g+X on the 
hypothesis of no slipping. The corresponding 
value of the flow is 


7ra^ 

8/4 




§ (4) Effect of TnEBtrLENOB. — It is clear 
that any experimental verification of the truth 
of the law of resistance postulated by Newton 
will depend upon whether in the relation 

, dv 

a value of /t for any given fluid can be found 
which has an identical value for all values 
of the velocity gradient dvjdy. It will be 

^ Lamb's Hydrodynamics (191C edition), p. 572. 


seen later that in those cases of fluid motion 
in which the motion is turbulent or eddying, 
the ratio of the shearing stress in the fluid 
parallel to the mean direction of the flow 
to the mean velocity gradient perpendic\ilar 
to this direction is not an absolute constant 
for the fluid, but depends on the actual values 
of the velocity of flow and the distribution 
of the solid boundaries of the flow. In these 
cases the Newtonian hypothesis breaks down, 
but its truth under circumstances of stream- 
line flow defined by the condition that the 
velocity of the fluid at any fixed point is 
always constant in magnitude and direction 
has been fully demonstrated. Under these 
conditions of motion the coefficient /x has 
been shown to be a physical property of the 
fluid and is known as the absolute coefficient 
of viscosity. 

§ (5) Results of Experiments, (i.) Oases . — 
Most of the earlier determinations on gases 
were carried out by the method of noting the 
damping of the oscillations of a disc in the 
gas, as in the case of Maxwell’s classical 
experiments. In this method, however, 
there are considerable mathematical diffi- 
culties in determining the motion of the air 
at the edge of the disc, and in recent work on 
the subject the method of observing the fall 
of pressure of the fluid when flowing at a 
knoAvn speed through a channel with parallel 
walls has been used. An example of this 
method is seen in the work of Grindloy and 
Gibson on the viscosity of air.^ The apparatus 
used consisted of two gas-holders of about 3 
cubic feet capacity connected by a length of 
lead tubing of O’ 125 inch tliamotor, of which 
part was used as the exporimcntal tube. The 
ends of the experimental portion arc con- 
nected to a manometer by which the fall of 
pressure can be measured. In commencing 
an experiment one of the gas-holders contains 
air and the other w-ator, and by admitting 
water under pressure to the lower part of the 
gas-holder containing air, the air is forced 
through the tube at the desired rate. The 
gas-holders wore calibrated ho that the volume 
of air passing through the tube in a given time 
could be determined. The length of the tube 
between the vessels, which was about 190 feet, 
was wound on a central brass cylinder on a 
helix of pitch and 1 ft. diameter. Q'ho 
cylinder rested on supports in a vessel filled 
with water and provided with devices for 
maintaining the temperature at any desired 
value between 0° C. and 100° C. The experi- 
mental part of the tube was about 108 feet 
long. 

By inserting the known values of the flow 
and value of the pressure gradient in equation 
(<>)» § (3)> I'lio value of p was deduced. It was 

* Phil. Trans. Hoy. Soe. clvi. 

* Proc. Roy. Soc. A, Ixxx. 114. 
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found that in accordance with the results of 
previous investigators the value of ju. was 
independent of the pressure, and, further, that 
its variation with temperature closely approxi- 
mated to the law deduced by Sutherland from 
theoretical considerations, so that the value 
could be written 

_ Kn/T 
^~l + c/T’ 

where T is the absolute temperature, and, for 
the case of air, 

K = 141-8xl0-% 
c = 102-5. 

For comparison with the results of other 
observers which are expressed in the form 
jic=a(l + the values of the constants 

a, 6, and c for air were found to be 
a = 170"2xl0-6, 6 = 0*00329, c=0-000007. 

(ii.) Liquids. — In forming a physical con- 
ception of the viscosity of hquids it is of interest 
following Maxwell,^ to regard the phenomenon, 
not as an example of the diffusion of matter, 
but as a limiting case of an elastic solid when 
the material breaks down under shear. Thus in 
the case of an elastic solid the shearing stress 
on any plane is proportional to the space 
rate of displacement of the material parallel 
to the plane. The viscous drag is therefore 
related to the velocity in precisely the same 
way as the elastic shearing stress to the 
displacement. We may, therefore, look upon 
a viscous liquid as capable of exerting a certain 
amount of shearing stress for a short time 
and then breaking down and the shear recom- 
mencing. If we suppose that the rate at 
which the shearing stress breaks down is pro- 
portional to the shear and is equal to \d, where 
e is the shear given by d-Lsjdy, x being 
the horizontal displacement, the rate at which 
shear is supplied is dSjdt, or djdy . dxjdt, 
i.e. djdy . v, where v is the velocity of displace- 
ment. We have therefore \6=dvldy, and 
since the shearing stress is given hy f—nd 
we have dvjdx, or 7i/X=/i. The quan- 

tity 1/X is called the time of relaxation of the 
liquid and measures the time taken by the 
shear to disappear when no fresh shear is 
supplied. 

§ (6) Early Experiments, (i.) Poiseuille's 
Method. — The earliest experimenter on the 
viscosity of liquids was Poiseuille, who carried 
out a very extensive series of observations on 
the flow of w'ater through capillary tubes.® In 
these experiments the outlet end of the capil- 
lary tube was connected to a reservoir of water, 
the pressure in which could be regulated to 
any desired value by means of an air-pump, 
connected to the upper cover of the reservoir. 
Provision was also made for regulating the 

1 “ Dynamical Theory of Gases,” PM. Trans. 
Royal Society, clvii. 

® Comptes rendus, 1840-41, tt. xi. xii. 


temperature of the water to any desired value. 
It was, therefore possible, by using capillary 
tubes of var3dng bore and length, to obtain a 
relation between the rate of discharge, the 
dimensions of the tubes, and the pressure 
and temperature of the water. The relation 
as given by Poiseuille was 

PE* 

Q= 1836*724(1 -{- 0-0336T + 0*000221T®)'^ , 

where Q is the discharge in milligrammes of 
water per second, P is the pressure difference 
between the ends of the capillary tube in milli- 
metres of mercury, and I) and L are the diameter 
and length of the tube in millimetres. It will 
be noticed that this relation agrees exactly with 
the results of the motion of a viscous fluid 
through a pipe of circular cross-section, on 
the assumption that the velocity at the boimd- 
ary is zero, i.e. the time of efflux of a given 
volume of water is directly as the length of 
the tube inversely as the fourth power of the 
diameter and inversely as the difference of 
pressure at its ends. As an instance of the 
high order of accuracy obtained in these ex- 
periments it may be remarked that the value 
of jj, for T=0, calculated from the above 
expression, is in close agreement with the most 
modem determination. It has been pointed 
out by Lamb that, if any appreciable amount 
of slipping at the boundary of the pipes used 
by Poiseuille took place, a deviation from the 
law of the fourth power of the diameter would 
become apparent, and the fact that this was 
not the case excludes the possibility of such 
an amount of slipping as has been inferred by 
Helmholtz and PietrowsH from their experi- 
ments on the torsional oscillations of metal 
spheres filled with water. The question is 
very fully discussed by Whetham,® who con- 
cluded that no shpping took place. 

(ii.) Temperature Effect. — It will be seen 
that the variation of viscosity with temperature 
is of the opposite sign from that of gases, and 
it appears to he a characteristic of aU liquids 
that the viscosity diminishes as the tempera- 
ture rises. In the case of water the change is 
fairly rapid, as will be seen from the following 
table, which gives the results of determinations 
by Hosking. 

Temp. 0°C. 10 20 30 40 6 0 60 70 
/JL= *018 *013 -010 *008 -ooee -ooss *0047 *0040 

Tliis rate of variation is in very fair agree- 
ment with the temperature coefficient unit 
determined by Poiseuille and given in the 
formula above. 

(iii.) Corrections. — The Poiseuille method, 
on account of the simplicity of the apparatus 
required and the ease wuth which the obser- 
vations can be made, is still much used, but 
it should be observed that for accurate work 
two corrections to the results must be applied. 

PhU. Trans. R.S. A, clxxxi. 559. 
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In the first place, the difference of ]:)ressiire 
between still water on the inlet and outlet sides 
of the pipe is not an accurate measure of the 
pressure gradient along the pipe, since some of 
this pressure difference is required to com- 
municate the kinetic energy of motion to the 
water. Further, in deriving the equation of 
flow (§ (3)), it is assumed that the velocity 
distribution across the pipe has become 
uniform and that no accelerations parallel to 
the axis of the pipe are taking place. This 
condition is not fulfilled near the inlet end of 
the pipe, as an appreciable length of the pipe 
from the inlet in the direction of flow is 
required in which the accelerations die out 
and the velocity distribution becomes uniform. 
For these reasons instead of the use of the 
simple formula derived from equation (7), § (3), 

8V ■ I ’ 

in which T is the time of efflux of the volume 
V of liquid, the pressure difference 

between the inlet and outlet ends of the 
pipe, and I the length of the pipe, the following 
formula, in which the coirections explained 
above are inserted, should be used : 

_Ta^T(pi-p2) wipV 
^ SV{l + na)' '^8irT(^l + naY 

where p is the density of the liquid under 
test and n and m are constants. The value 
of n may be taken as 1-64 in all cases, and 
provided that the value of the second term 
in equation is small compared wuth that of 
the first, m may be assumed equal to unity. 
Where high accuracy is required it is necessary 
that the value of m should be obtained 
experimentally by a series of viscosity deter- 
minations with different rates of flow. 

§ (7) Modern Investigations, — In recent 
work, however, it has been found that no 
great difficulty is experienced in making an 
accurate measure of the pressure gradient 
along the pipe at a sufficient distance from 
the inlet, provided that the pipe is made of 
some substance which can be easily machined. 
In this method two fine holes are drilled in 
the walls of the pipe at a known distance apart 
along the axis, great care being taken to 
prevent a “ burr ” being formed in the inner 
surface of the pipe where the hole passes 
through the wall. Suitable nipples are 
screwed into the holes at the outer surface 
and flexible pipe connections made, one to 
each side of a sensitive manometer. In this 
way when the flow is set up an accurate 
measure of the fall of static pressure of the 
fluid between the holes is obtained. As it 
is known that the static pressure is constant 
across any section of the ifipe, the intensity 
of the surface friction is easily calculated 
from the formula K=^;a/2Z, where ^ is the 


I)ressure difference per unit area indicated by 
the manometer and I is the distance between 
the holes and a the radius.^ This method has 
recently been used at the National Physical 
Laboratory for the determination of the resist- 
ance to flow of tliick oils in pipes. As the 
method of obtaining the pressure gradient in 
the pipes in these experiments is novel, a brief 
description of it is given. 

The manometer used was one of the Chattock 
type, the principle of which is that the press- 
ure difference at the two ends of a U-tuho 
is balanced by tilting the tube through a 
small measured angle so that the “ head ” 
due to the difference of level of the fluid in 
the two vertical arms of the U-tubc balances 
the external pressure difference, and no 
movement of the fluid through the tube takes 
place. For the latter pur])ose a toleHCo])o 
is fixed to the tilting-table, the level of whicdi 
is always adjusted so that the lino of col- 
limation passes through the surface of the 
manometer fluid, say water or mercury. It 
is, however, essential for the elimination of 
unknown forces due to capillarity that the 
ends of the manometer tube where the surface 
of the fluid is situated should be cup-sliapod 
as shown in Fig. 2, and as the detection of 
the movement of such a large surface is a 
matter of some difficulty, the device is adopted 
of introducing a second liquid, usually oil, 
which will not mix with the water or mercury, 
into the horizontal limb of the gauge, and tho 
hair-line of the telescope is focussed on to tho 
meniscus formed by the common surface of 
tho two liquids. This is tho usual device 
adojffed for measuring pressure difl’oroncos 
duo to tho flow of gases through ])ij)os when 
the static pressure of tlio gas is small. For 
measuring the pressure drop in pi])es convoying 
liquids and when tho static. i)ressurG of tho 
liquid is high, tho typo of manometer illustratcid 
in Fig. 2 is more convenient. This consists 
of a U-tuhe filled with mercury up to the 
centre of the lower cujis, tho sjiaco above tho 
mercury being flUod with salt water. In 
order to obtain a sharply defined surface of 
high sensitivity as an indicator of tho move- 
ment of the mercury, tho right-hand cup is 
contracted to a small section and a second 
cup attached to it as shown. Tho upjier end 
of this second cup is connected to a reservoir 
containing a transparent oil which will not 
mix with tho salt water. A side connection 
to the upper cup is connected with tho ex- 
perimental pipe. Tho gauge is filled so that 
the separating surface of the oil and water 
form a meniscus at tho extremity of tho 
contracted part of the lower cup, and on this 
the hair-line of the telescope is focussed. Tho 
auxiliary glass- bulb fittings at tho sides are 

^Clearly Rx total frictional force ““differ- 
ence of tlirust=p7ra®. 
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introduced for convenience in filling the gauge 
and inaldng sure that no bubbles o£ air are 
left in any part of the connections, and in 
order to obtain a short-circuiting device by 
means of which the zero of the gauge can be 
read off without stopping the flow of liquid 
in the pipe. For the latter observation the 
two taps in the experimental pipe connections 
are shut and the tap in the short connecting 
pipe opened. By this apparatus the frictional 
resistance to flow was obtained in the case of 
thick oils of viscosity ranging up to 20-0 x 10"^ 
in absolute C.G.S. units. 

§ (8) The Effect of Peessuee oh the 
Viscosity of Liquids. — In the case of liquids 
of relatively low viscosity the variation in the 
value of the coefficient of viscosity with 
change of pressure is not very marked. The 
viscosity of water diminishes slightly for 
pressures of a few atmospheres, and that of 
benzol and ether increases. Recent researches 
on the changes of viscosity of certain liquids 
when the pressure is carried to values as high 
as 1000 atmospheres have, however, shown 


than 4 to 1. The remarkable character of 
the rate of rise of viscosity with pressure at 
the higher pressures will be seen from the 
curves in Fig. 3, 
which illustrate 
the results ob- 
tained for castor 
oil and a mineral 
oil. As this in- 
vestigation has an 
important bearing 
on the constitu- 
tion of liquids, a 
short description 
of the method 
used at the Na- 
tional Physical 
Laboratory for 
measurements of 
the coefi&cient of 
viscosity at high pressures is here given. The 
apparatus used for these experiments was de- 
signed for carrying out the tests by a method 
suggested by Dr. T. E. Stanton, and a diagram- 



Pressure in tons per square inch 

Pig. 3. 



Fig. 2. 


enormous increases in viscosity due to high 
pressures. Thus in the cases of alcohol, 
carbon bisulphide and ethyl alcohol. Pro- 
fessor O. Faust of Gottingen has found the 
viscosity of these liquids at pressures of 
3000 atmospheres to be more than treble 
the value at atmospheric pressure. In a 
recent research carried out at the National 
Physical Laboratory by Mr. J. H. Ryde,^ the 
viscosities of mineral oils at a pressure of 1100 
atmospheres were found to have a value 
exceeding 10 times the value at atmospheric 
pressure, whereas in the case of a vegetable 
oil such as rape, the ratio was not higher 
^ Proc. Roy, Soc. A, xcvii. 


matic sketch is shown in Fig. 4. The instrument 
consists of a U-tube, the limbs A and B of 
which are connected together at their lower 
ends by a large bore tube and at their upper 
ends by a capillary tube C as shown. The 
whole is mounted on a frame supported by 
a knife-edge B, and so arranged that the left- 
hand side is heavier than the right. The lower 
half of the circuit is filled with mercury and 
the upper half with the liquid under experi- 
ment. The motion of the frame is governed 
by the extension of a spring S, to which it 
is connected through the supporting arm F 
terminating in a pointer which moves over a 
finely divided scale. In making an experiment. 
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tlie tilting frame is set in such a position that 
the horizontal tubes are level and the scale 
is adjusted so that the pointer is at zero. 
A tilt is given to the frame by moving the 
pointer vertically upwards, the taps T and P 
being oipen* The tilt causes a flow in the 
U-tube, and when this flow has ceased the 
taps are closed and the frame restored to 
its original position with the pointer at zero, 
the tension of the spring being adjusted to 
support the frame in this position- The head 
of mercury in the circuit tending to cause 
flow round it can be calculated from the 
motion which has been given to the pointer 
and from the distances DR and AB. If now 


obtained up to pressures of 1500 atmospheres. It 
may be remarked that the construction of the liigh- 
pressure viscosity apparatus presented considerable 
practical difiiculty when the pressures used were 
of the order of 1000 atmospheres, necessitating the 
use of high- tensile steel for the parts subjected to 
pressure. Por details of these and further numerical 
data the original paper may be consulted. 

§ (9) Liquids op High Viscosity. — The 
method described above for the estimation 
of the viscosity of fluids, by observing the 
known gradient of pressure and the rate of 
flow of the fluid through a pipe of known 
dimensions, has obvious practical limitations 
when the viscosity of the fluid is very 
high, say of the order of 


P = 100. 

A simple method which 
may be used in such cases 
is to infer the viscosity from 
the observed steady rate of 
fall of a sphere in the liquid. 



the tap T be opened, the 
Kquid will flow through 
the capillary tube from 
A to B and the mercury 
from B to A. The spring is so designed 
that the displacement of the frame due to 
the flow of mercury from one vertical limb 
to the other is such that the head of mercury 
producing the flow remains constant, and 
it is clear that the fall of the frame as in- 
dicated by the movement of the pointer over 
the scale gives a measure of the volume of liquid 
which passes from one side to the other. In 
this w^ay the whole of the data reqxiired for 
the calculation of the coefficient of viscosity 
are available when the dimensions of the 
capillary tube are accurately known, and the 
value of is obtained from the formula (see 

§( 3 )) 

TTpha^H 

^ WT' 

where p is the density of the liquid, h the head 
of liquid, a the radius of the capillary tube, 
T the time in passing the volume of liquid V 
through the tube, and I the length of the 
tube. 

It will be seen that the above formula requires a 
loiowledge of the variation in the density of the liquid 
with pressure before the value of the coefficient of 
viscosity can be obtained. In the paper by Mr. 
J. H. Hyde referred 'to, a simple method is described 
by means of which the densities of liquirls can be • 


Pig. 4. 


' + etc. 


The theory of the 
motion in this case lias 
been given by Stokes ^ 
on the assumption 
that the inertia terms 
in the equations (5) may be neglected, i.e, that 

^ 1 "dp ^ 

"dt p' "dx 

On this assumption the external force acting 
on tbe sphere is given by 

P = CTT/^aU, 

where a is the radius of the sphere and U 
the velocity of fall. It has been pointed out 
by Lord Rayleigh that the assumption on 
which this solution is baaed limits the velocity 
of fall to extremely low values, since the 
relation will not hold with fair accuracy 
unless Va is small compared wdth v. The 
motion at higher speeds than this has been 
investigated by Williams.^ 

Another method which may he employed 
for liquids of high viscosity is the oscillating 
disc method first used by Maxwell. This 
appears to be w^ell suited for the difficult but 
practically important case of molten glass. 

^ Collected Papers^ ill. 1. 

® Phil. Mag. xxxvi. 354. 
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§ (10) The Viscosity of Solids.— As pointed 
out in the introduction to this article, the 
frictional resistance which one part of a solid 
body offers to the sliding of the other part 
over it is made up of two distinct phenomena : 

(1) the elastic distortion of the substance in 
which the work done is stored up as potential 
energy in the molecules of the body, and 

(2) the viscous distortion, the energy of which 
is converted into heat. It has been remarked 
by Lord Kelvin ^ that this distinction is not 
rigidly correct, since even in the absolutely 
perfect elasticity of volume presented by 
homogeneous crystals dissipation of energy is 
an evitable result of every change of volume, 
because of the accompanying change of 
temperature and consequent dissipation of 
heat by conduction and radiation. It is, 
however, recognised that the loss of energy 
due to this cause is small compared with the 
whole loss of energy which occurs in many 
cases of the vibration of metals, so that the 
statement above maj’’ be taken as sufficiently 
accurate for most imrposes. The usual method 
of studying the phenomena of the viscosity 
of metals is by noting the rate of damping of 
the torsional oscillations of long rods carrying 
a heavy mass at one end and fixed at the other 
end. The damping of the oscillations is said 
to be more rapid in glass than in most of the 
elastic metals such as copper, iron, silver, 
aluminium, but on the other hand the damping 
in the case of zinc and india-rubber is more 
rapid than in glass. In the experiments 
described by Lord Kelvin in the paper re- 
ferred to, it was found, as would be expected, 
that the loss of energy in a vibration was 
greater the greater the velocity, but that the 
variation vith speed was not nearly propor- 
tional to the velocity of deformation as in 
the case of fluids. It would appear, there- 
fore, that the damping is not altogether the 
effect of viscous resistances of the ordinary 
type which are proportional to the rates of 
strain. 

§ (11) The Ikterhal Friction of Fluids 
IN Turbulent hloTioN. (i.) Eddying Motion, 
— Before entering upon a discussion of the 
characteristics of the internal friction of fluids 
when the general motion is eddying or turbu- 
lent, a brief description of the methods of 
velocity estimation under these conditions is 
desirable for the reason that a measurement 
of the mean rate of flow of the fluid through 
any fixed element of surface taken over an 
appreciable time is a matter of fundamental 
importance in the practical determination of 
the frictional resistance. Since by definition 
a fluid in turbulent motion consists of a mass 
of eddies, it miglit be supposed that any 
determination of the kind under consideration 
would he meaningless as defining any physical 
^ Proc. R,S., 1865, xiv. 289, 


condition of the fluid, and this is probably 
true in such cases as those in which eddies, 
relatively large in size and slow in period, 
are thrown off from the projecting edges of 
bodies immersed in fluids moving relatively 
to them. It has been found, however, that 
in the majority of cases of fluid motion in 
which turbulence is known to e.xist either from 
the fact that the critical speed ^ has been 
exceeded, or from the observations on the 
resistance to flow heiug greatly in excess of 
those due to streamline motion, the eddies are 
apparently of such small dimensions and of 
such high periodicity that any appreciable 
variation of the forces produced on an 
immersed body by the turbulent motion of 
the fluid over it cannot be detected by 
ordinary methods. For example, if in a 
parallel channel 
through which air 
is in motion above 
the critical speed, 
a small open- 
mouthed tube be 
placed vith its 
axis parallel to the 
axis of the channel 
and its other end 
connected to a 
sensitive mano- 
meter as shown in 
Fig. 5, it will he 
observed that if 
sufficient precau- 
tions are taken to 
eliminate external 
disturbances and Pig. 5. 

irregularities of the 

mechanism causing the flow, the reading of the 
manometer remains perfectly steady. Further, 
if the pressure in the tube be accurately 
measured it will be found that its value exceeds 
that of the fluid itself by the quantity 
where p is the density of the fluid and v is 
the mean speed of the fluid which would exist 
over the area occupied by the mouth of the 
tube if it were removed. The pressure of 
the fluid itself is usually called the static 
pressure, and in the case of a fluid in 
motion, either streamlike or turbulent in 
character, the static pressure at any point 
is the pressure at the boundary of any smooth 
solid surface containing the point and parallel 
to the direction of flow at that point. It 
is evident that the above relation between 
the dynamical pressure at the mouth of 
the tube and the static pressure affords a 
convenient method of determining the value 
of the mean speed of a fluid at any point 
in it. 

(ii.) The Pitot Tube . — ^In the case of the 
parallel channel, since it is known that the 
» See § (71), (iii.). 
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pressure is independent of the radius (see 
§ (3)), all that is necessary is to measure the 
difference in pressure between the open- 
mouthed tube facing the current, commonly 
called a Pitot tube, and that at a hole in 
the walls of the channel at the same cross- 
section, and equating this to the velocity 
can be calculated. In this way the velocity 
distribution over the cross-section of a parallel 
channel may be determined and the total 
flow calculated by graphical methods. Com- 
parison of the total flow so estimated and that 
given by a discharge meter at the outlet of 
the channel has shown that the method can 
be relied upon to a high degree of accuracy. 
For cases in which the flow does not take 
place in a channel with parallel walls, it is 
necessary, for the purpose of obtaining the 
static pressure, to introduce an artificial 
boundary as close to the mouth of the Pitot 
tube as possible. One method of doing this 
is shown in Fig, 6, which is an illustration 
of the standard in- 
strument used for 
velocity measure- 
ment at the National 
Physical Laboratory. 
Careful experirnents ^ 
with an instrument 
of this moving 
in free air have 
shown that the 
0. velocity estimation 

obtained from it 
when the pressure differences are measured on 
a manometer of the Chattock type have a 
limit of accuracy of one-tenth of one per 
cent. In the use of the instrument it is, 
of course, necessary that the density of the 
fluid at the point considered should be 
known, and in the case of a compressible 
fl.uid where considerable differences of density 
exist this may involve another experimental 
determination of some difficulty. 

The original use of the Pitot tube seems to 
have been for the purpose of measuring the 
distribution of velocity in rivers and canals. 
In this form it consists simply of a glass tube 
bent through a right angle and held vertically 
in the current, the height of the column of 
water inside the tube above the surrounding 
surface being noted. By this means the use 
of a static pressure tube is avoided, but it is 
obvious that the velocity estimations must be 
of only an approximate nature. 

(hi.) The Critical Velocity , — It was first 
shown by Osborne Reynolds that, when a 
fluid was in motion through a parallel channel, 
there existed a critical value of the mean 
speed of flow at which the character of the 
motion changed from one of steady streams 

^ Report of Adnsory Committee for Aeronautics, 
1012-13, p. 35. 



parallel to the axis of the channel to one of 
turbulence in which the whole of the fluid 
was broken up into a mass of eddies. The 
causes of the change in the type of motion 
will be discussed in greater detail in the 
subsequent sections of this article, but for 
the present purpose it is sufficient to remark 
that the change was found to coincide with a 
change in the law of frictional resistance to 
flow through the channel, the streamline 
motion corresponding to a resistance varying 
as the first powder of the speed, and the turbu- 
lent motion corresponding to a resistance 
varying nearly as the square of the speed. 
In the latter case, although the mean motion 
at any point when taken over a sufficient time 
is parallel to the sides of the channel, it is 
made up of a 'succession of motions crossing 
the channel in different directions. It is 
evident that in this case if we are to adliere 
to the definition of the coefficient of viscosity 
as the ratio of the shearing stress to the 
rate of distortion, i.e, that f~ix{dvldy), and, 
further, if v is taken to express the mean 
motion taken over a sufficient time, then 
since / is known to vary as a power of the 
velocity greater than unity jj, must bo a 
function of the velocity and must he held to 
include the momentum per second parallel 
to the plane of shear, which is carried by the 
cross-streams through the plane. ^ 

(iv.) The Two Viscosities, — If, however, we 
regard the above relation as expressing the 
instantaneous value of the intensity of the 
resistance at a point in the fluid, wo must 
realise that dvjdy is the instantaneous value 
of the rate of distorti(')n, a quantity which wo 
have no moans of measuring directly, and 
that then /x is independent of the motion and 
a physical property of the fluid. It appears 
therefore that, as pointed out l)y Osborne 
Reynolds, there are two essentially distinct 
viscosities in fluids. One is a i)hysical 
property of the fluid and is a measure of the 
instantaneous resistance to distortion at a 
point moving with the fluid, and the other is 
a mechanical viscosity arising from the molar 
motion of the fluid and given by the relation 
f= fT{dvldy)y where v is the moan motion at a 
point taken over a sufficient time, and iT 
is a function of v and probably also of the 
distribution of the solid boundaries of the 
fluid. 

That these characteristics are independent 
of each other, apart from the fact of the 
dependence of the existence of the mechanical 
viscosity on the physical viscosity, is shown by 
the striking fact that when the motion of a 
fluid is such that the resistance is as the square 
of the velocity, the magnitude of the resistance 
is independent of the character of the fluid in 
all respects, oxce])t that of its density. 

“ Reynolds, Scientific Papers, ii. 236. 
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§ (12) Measurement of the Mechanical 
Viscosity. — In a research carried out at the 
National Physical Laboratory in 1911,^ the 
characteristics of the mechanical viscosity 
of a fluid as affected hy the speed and the 
dimensions of the channel in which the flow 
took place were investigated. The fluid 
used was air, which was forced through 
cylindrical pipes at speeds above the critical, 
and the distribution of mean velocity was deter- 
mined by means of a Pitot and static pressure- 
tube device of the kind described above. In 
order to simplify the investigation it was 
desirable that the resistance to flow should 
vary exactly as the square of the velocity of 
flow, in which case, as mentioned above, the 
motion would be entirely independent of the 
physical viscosity of the fluid. This condition 
was secured by a suitable roughening of the 



Pig. 7. 

internal surface of the brass pipes used for 
the experiments. 

The distribution of mean axial speed across 
the section of the pipe was then measured, and 
a typical curve of distribution is shown in 
Fig. 7. It will be seen that the distribution 
of mean axial velocity in the case of the turbu- 
lent motion is approximately parabolic from 
the axis up to a comparatively short distance 
from the walls, Le. the equation to this part 
of the velocity curve can be written 

v=Vc~ A.r\ . . - (1) 

where is the velocity at the axis, r is the 
radius at which v is measured, and A is a 
constant. 

It was also found that for any section of 
the pipe the static pressure of the fluid 
was constant for all values of the radius, so 
that for any cylinder of fluid of radius r 
between any two sections distant I apart the 

^ Stanton, Proc. Roy. Soc. A, Ixxxv. 


shearing stress on the outer surface would 
be given by 

j2Trl = {jp-^- p^)TTr^ 


f_iPi-P2y 

21 


( 2 ) 


where ( 2 h~p 2 ) the fall of static pressure 
between the two sections, and / the intensity 
of shearing stress. The shearing stress in the 
fluid is therefore proportional to the radius. 

But from (1) it is seen that 

-y- = - 2 Ar, 
dr 

so that the relation f—fi'{dvldr) becomes 
iPi- P2)J^^= -2/r'A. 

Hence p,', which is the mechanical viscosity, 
is constant across the pipe up to within a 
relatively small distance from the boundary. 

The next step in the investigation was to 
determine the dependence of p' on the rate 
of flow through the pipe. By taking a series 
of distributions of axial velocity at different 
rates of flow and plotting the values of vjv^ on 
a radius base, it was found that all the points 
lay on the same curve, indicating that in 
equation (1) t;/^g = l - (A/??^) . the value of 
A/^;cWas constant, f.e. that A was proportional 
to the speed at the axis, and therefore that 
the value of dvjdr for any radius was simply 
proportional to the velocity of flow. It follows 
that, since the shearing stress is proportional 
to the square of the speed of flow, p' must be 
proportional to the first power of the speed. 

BinaUy, a series of experiments were made 
with the object of determining the effect of 
the dimensioiis of the channels on the mechani- 
cal viscosity. For this purpose two pipes of 
radii Oj, were prepared, in which the surface 
roughnesses were geometrically similar, so 
that the intensity of the surface frictions was 
exactly proportional to the squares of the 
speeds of flow. On determining the velocity 
distributions in these pipes, and plotting the 
values of vjv^ on a base of rja, where “ a ” is 
the outside radius of the pipe, it was found 
that aU the points fell on the same curve, 
whose equation was 

- = 1-I-.-!. 

Vc a- 

where k was a constant. 

Now, if /ai» /s 2 ^^re the values of the 
surface frictions in the two pipes, and/i, /g the 
values of the internal fluid friction at corre- 
sponding radii and r^, 

and ^=’11 


fs2 /»! 

we have therefore 

h V2 P2{dvldr\ 
or — 7 — » 

Pz 


(h 




P2^2Vc^ 2 


2a 
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i.e. the ratio of the mechanical viscosities in 
the two pipes is proportional to the product 
of the speed of flow and the diameter of the 
pipe. It appears therefore that the co- 
efficient of mechanical viscosity for flow in 
parallel channels in which the friction varies 
as the scjuare of the speed may he written 
f/ = kvd, where v is the speed of flow, d is 
the linear dimension of the channel, and h 
a constant depending on the nature of the 
fluid used in the experiments. 

Since the dimensions of ix' are [M/LT] it is 
evident that the dimensions of k are M/L^, i,e. 
that k is proportional to the density of the 
fluid used, as would he expected from the 
statement in paragraph (10). 

§ (13) Eddy Viscosity. — The characteristics 
of the coefficient of eddy viscosity have also 
heen investigated by Mr. G. I. Taylor in con- 
nection with atmospheric phenomena.^ 

Considering the interchange of momentum 
hetw-een consecutive horizontal layers of air 
in a steady wind due to the movement of the 
eddies in it, let and V^ be the average 
horizontal components of wind velocity at a 
height z parallel to perpendicular co-ordinates 
X and y, and u', v', w' the components of eddy 
velocity, so that the three components of 
velocity are V^+u', and w\ then the 

rate at which a; -momentum is transmitted 
across any horizontal area is 

J jp(XJz+u')w'dxdi/. . . (1) 

hir. Taylor then proceeds to consider a 
particular case of disturbed motion, supposing 
the fluid incompressible, and the motion to 
take place in two dimensions x and z. 

If originally the fluid is flowing parallel 
to the axis of x with velocity XJ^, then after 
disturbance the rate at which momentum 
leaves a layer of thickness dz is 


K/i 'i^'Wdxd!/'^ dz = I5z. . (2) 


But since Ug is constant over the plane 
xy and there is no resultant flow across a 
horizontal plane 


//' 


P'Xjz'io'dxdy =0, 


and therefore 


I=p|;/ fu'w'dxa!/=pfj +w'^'^dxdt/. 

( 3 ) 

Further, since the motion is confined to 
two dimensiems ri(Ug + u')/dz - dw'/dx = twice 
the vorticity at tho point x, y, z, and since 
every portion of the fluid retains its vorticity 
throughout the motion, this must be eq.ual to 
twice the vorticity which the fluid at the 
point X, y, z had before tho disturbance 


» TMl. Trans. Hoy. Soc. A, eexv. 11. 


set in. This is equal to tho value of d\JJdz 
at the height Zq of the layer from which 
the fluid at the point rr, y, z originated, a,nd 
therefore 


dz dz dx \_ dz ' 


(4) 


From this relation, together with tho equa- 
tion of continuity. 


du' 


(5) 


equation (3) becomes 



The first term of this expression vanishes 
when a large area is considered, but tho 
second term does nc^t vanish. 

Expanding ^ powers of (z^-z) 

we have 


rdnJa,~j _ dTJz _j_ 




+ . . 


and therefore 
I 






and if (Zq - z) be of such a magnitude that tho 
change in dVJdz in that distance is small 
compared with dVJdz itself, 

and the rate at which the a;- momentum loaves 
a layer of thickness dz is 

I" Jw'(zo - z)dxdy. . (9) 

The effect of tho diRturbance is thoroforo 
to reduce the .T-momontum of a horizontal 
layer of thickness dz at tho rate gldz^)dz x 
(average value of w'{z^ - z) per unit area). 
The same effect would be produced on a layer 
of thickness dz by a viscosity equal to px 
(average value of w'{Zq - z)) if the motion had 
not been disturbed. 

According to Mr. Taylor’s theory, thcroforo, 
when we wish to consider the disturbed motion 
of layers of air wo can take account of the 
eddies by introducing a coefficient of eddy 
viscosity equal to p x average value of w'{zq - z), 
and supposing that the motion is steady 
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(zy-s) is the height through which the air 
has moved since the last mixture took place. 

The average value of v/{zq-z) can be 
expressed in the form hi'wd), where d is the 
average height through which an eddy moves 
before mixing with its surroundings and w' 
roughly represents the average vertical velo- 
city in places where w' is positive. 

The movement of the air on the earth’s j 
surface as affected by the eddy viscosity may 
be investigated as follows. 

As before, assuming the air iucompressible, 
the equations of motion (see p. 345) may be 
written 


this becomes by substitution from the above 
relations 

'A2 + A4\ A 2 + (G/2/a'B^) A2 + Qq. 


(9) 


p1 


D® 

D« 


T)w 


= Z 




( 1 ) 


/A2 + A4\ Ag + {G/2/x'B^) 

A 4 ““Al 
where is the gradient velocity. 

Again, if the wind at the surface be deviated 
through an angle a from the gradient wind 
in such a way that if one stands facing the 
surface wind the gradient wind viU be coining 
from the right if a be positive. Then 

and we have 

tan a(l -Ftan a) Q ^ 


with the usual notation. 

Assume a constant pressure gradient G 
acting in the direction of y. The remaining 
forces are gravitv and those due to the earth’s 
rotation. 

Hence X = - 2a)U sin X\ 

Y = 2w24sinX . . (2) 

Z=-g ) 

where w is the angular velocity of the earth’s 
rotation and X is the latitude, and 

‘p=h- gpz + Gi/, where h = constant. 

Assuming the motion to be horizontal, equa- 
tions (1) become 


0 = - 2o3V sin X -1- 

0 = - 2 wI 4 sin X • 
Eliminating n we have 


^ . 
P ' 

G 

P 


d^v 




dhi 

* * 

(3) 

pf d^v 
‘ p' dz^' ‘ 

(4) 

, 2cjp sin X 

(5) 


dz^ - — - - fX' 

or v-A^e-'^^ sin Bs + AiC"®^ cos Bz 
or substituting in (4) 
w=Aoe“^' cos Bz-A^e-'^^ sin Bz-f- 


(9) 


G 

2/B2- 


(7) 


At great heights, therefore, v- 
G G 


=0 and 


, . . ( 8 ) 

2/B2 2wpsmX’ ^ 

i.e. u is independent of jjf and is the value of 
the velocity calculated from the pressure dis- 
tribution, and is called the gradient velocity. 

The values of Ag and A4 are found as 
f oUow's : 

Assuming that at the surface 
duldz ^^u 
dvjdz v’ 


A. = - 


l-ftan*^ a 
* - tan a(l - tan a) 

i-Ftan^ a ■ ’ 

Now the surface wind 

= n'a: 


( 10 ) 


^ -f (As + Qq.)^ 
Q g ^ 4- 


v^tan^ a(l - tan a)^ + (1 - tan a)- 

1 -}-tan^ a 

or Q, = Qg(cos a-sin a). . (11) 

This relation has been verified by direct 
observations made by means of pilot balloons 
on Salisbury Plain by JVIr. G. XL B. Dobson. 

Again, if be the height at which the 
direction of the wind coincides with that of 
the gradient wind, putting v=0 we have 
A^ sin BHj-hA^ cos BHi = 0 


or 


tan BHi= 


( 12 ) 


and substituting for A^ and A4 

(“-8- 

Since a is positive and less than 7r/4, the smallest 
positive value of is given by BHi = 37r/4+ a. 

The height at which the wind velocity 
first, becomes equal to the gradient velocity 
is given by w^-f = or 
_ -RTT. ( 1 -f tan a) cos BHa - (1 - tan a) sinBH g 
^ tana 

(13) 

The relation between BH2, BHi, H1/H2, and a 
are given in the following table : 




BHa. 

Hi 

a®. 1 

BH,. 

Hj 

0 

•78 

2-35 

3-0 

lb 

-91 

2-53 

2-8 

20 

1-04 

2-70 

2-6 

30 

1-20 

2-88 

2-4 

45 

1-44 

3-15 

2-2 

1 


Mr. Dobson gives 800 metres/300 metres 
=2*66 as the observed value of Hj/Ha for 
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a = 20°, which is in very close agreement with 
the above calculation. 

Further, assuming a value for a of 20°, we 
have from the above table BHi = 2-7, and sub- 
stituting in the relation 

_ /wp sin \ 


p.' _ -p- , sin a 
“-•til- 2.72 • * 


(14) 


Putting w =0-000073 and X = 50° N., we have 
for the South of England 

^ = H 2x0-77 xlO-®. 

P 

Taking the values of Hi from Mr. Dobson’s 
paper, we obtain the following table : 


Wind. 

Ha in Metres. 

P 

Strong . . . 

900 

62x10^ 

Moderate . 

800 

50x10^ 

light . . 

600 

28x10=^ 


n. The Nathee of the Motion of Fluids 
OVER Solid Surfaces tangential to 
THE Direction of Flow and the Char- 
acteristics OF THE Frictional Forces 

CONSEQUENT ON THE MOTION 

§ (14) Resistance to Motion over a Solid 
Boundary. — The relations between the resist- 
ance encountered by a solid body moving 
through a fluid in which it is completely 
immersed, or by a fluid in moving over a 
fixed solid surface, can bo broadly divided 
into two classes. The resistance is either 
proportional simply to the relative speed of 
surface and fluid, or it is proportional to a 
power of the relative speed which is in the 
neighbourhood of 2. 

(i.) The Critical Velocity , Osborne Reynolds^ 
Law . — It is found that these two classes of 
resistance correspond to two definite states 
of internal motion of the fluid. When the 
elements of the fluid follow one another along 
lines of motion which lead in the most direct 
manner to their destination, the resistance 
is proportional to the relative velocity simply. 
When the particles of the fluid eddy about in 
sinuous paths the most indirect possible, 
i.e. the fluid is in turbulent motion, the resist- 
ance varies nearly as the square of the speed. 
The transparency of most fluids renders it 
difficult to determine when a fluid is in steady 
or turbulent motion. Thus in the case of water 
passing through a glass tube it is quite im- 
possible by visual examination of the flow to 
determine which of the two states of motion 
is taking place. A simple method of demon- 
strating the nature of the motion of fluids 
and of the manner in which one state of motion 


will pass into the other was devised by Osborne 
Reynolds in 1883.^ In these experiments 
a straight tube of glass 5 feet long and pro- 
vided with a trumpet mouthpiece was placed 
in a water tank 6 feet long, 18 inches deep, 
and 18 inches broad in the manner shown 
in Fig. 8, and provided with a stopcock to 
regulate the rate of flow of the water through 
it. A small reservoir of coloured water was 
placed above the tank with an outlet into the 
tank in such a position that a stream of 
coloured water could bo delivered at a very 
slow speed a few inches in front of the trumpet 
mouthpiece, with the result that a streak of the 
colour could be drawn into the pipe when 
flow through it took place. The flow of 
colour was regulated by a clip on the india- 
rubber pipe connection. It was found that 
when the cock was slightly opened and a 
streak of colour allowed to enter the pipe with 
the water, no mixture of the two fluids took 
place, the streak exhibiting itself as a thin 




band parallel to the axis of tho l^ipo. As 
the discharge cook was gradually opened 
further it was observed that for some definite 
value of tho velocity of flow, which was always 
the same for the same temperature of tho 
water, tho wh()lo of the colour band extending 
downstream from a point at some distance 
from the mouthpiece would suddenly break 
up and mix with tho surrounding water, so 
that this part of tho tube became full of a mass 
of coloured water. By further increasing tho 
rate of flow the point at which tho break- 
down occurred moved back towards tho 
mouthpiece, hut it was not found possible 
by increasing tho flow to tho greatest extent 
possible to cause tho break-up of tho stream 
to take place at the raouthpiooo. Tho signifi- 
cance of this eifoct will bo referred to later. 

As regards the conditions which determined 
the break-up of the steady motion, it was 
observed by Reynolds, from an examination 
of the equations of motion of tho fluid, that if 
tho motion be supposed to depend on a single 
velocity parameter U, say tho mean velocity 
along the tube, and on a single linear para- 
meter c, say the radius of tho tube, then 
the accelerations would bo exprossod in terms 
of 2 types ; in one of which IT^/c^ is a factor 
and in the other gU/pc^ is a factor. The 
^ PMt. Trans. Toy. Soc., 1883. 
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relative values of these terms depend on the 
value of the ratio cpUj/x, and it would appear, 
therefore, that if the eddies were due to one 
particular cause the birth of the eddies would 
coincide with some particular value of this 
ratio. 

To test the accuracy of this conclusion, a 
large number of observations were made in 
the apparatus shown in Fig. 8 to determine 
the value of the velocity at which the steady 
motion broke down in pipes of diSerent 
diameters. 

For the purpose of obtaining the effect of a 
variation in the value of g,, the temperature 
of the water in the tank was varied between 
the values 5° C. and 22° C. 

The results of the experiments fully corro- 
borated the conclusions drawn from the equa- 
tions of motion, the law of the critical point 
being given by the equation v^dpjfi = 300, 
where is the critical velocity of flow, Le. 
the discharge per unit of time divided by the 
area of the pipe; d is the diameter of the 
pipe, and fj. and p the viscosity and density of 
the fluid, all measured in some self-consistent 
system of units. 

(ii.) Effect of the Boundary . — ^It was noticed, 
however, that the critical velocity was much 
higher than had been expected in pipes of 
the sizes used, since resistances varying as 
the square of the velocity had been found 
at much smaller velocities than those at which 
the eddies appeared in the tank experiment. 
Further, it was observed that the critical 
velocity was very sensitive to disturbance 
of the water before entering the tubes, and 
it was only by the greatest care as to the 
uniformity of temperature of the tank and 
stillness of the water that consistent results 
were obtained. This showed that the steady 
motion was unstable for large disturbances 
long before the critical velocity was reached. 
As it appeared probable that the cause of 
this phenomenon was dependent on the 
boundary condition, the following experiment 
to show the effect on the motion of an elimina- 
tion of the solid boundaries was devised. A 
glass tube 5 feet long and 1*2 inch in dia- 
meter, having its ends slightly bent up as 
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shown in Fig. 9, was half filled with bisulphide 
of carbon and then filled up with water and 
both ends corked. The bisulphide was 
chosen as being a limpid liquid but little 
heavier than water and completely insoluble, 
so that the surface between the two liquids 
could be clearly distinguished. When the 
tube was horizontal the surface of separation 
extended along the axis of the tube. On 


one end of the tube being slightly raised the 
w'ater would flow to the upper end and the 
bisulphide to the other, causing opposite cur- 
rents along the upper and lower halves of the 
tube. It was found that when one end of the 
tube was raised quickly by a certain definite 
amount, waves showed themselves at the 
surface of separation which presented the 
appearance of wind waves. Further, it was 
noticed that after the expiration of some days 
a skin formed slowly between the bisulphide 
and the water, and that when this was formed 
a repetition of the tilt did not result in the 
formation of the waves but in the production 
of eddies, below and above the surface of 
separation- It would appear, therefore, that 
there is a critical velocity independent of the 
boundary action, and that the introduction of 
a boundary condition alters materially the 
nature of the motion. This conclusion was 
confirmed by observing the effect of the 
wind on a surface of water calmed by oil 
drops. It was noticed that as the sheet of 
oil on the surface of the water drifted before 
the wind, there was distinct evidence of 
eddies in the water below the oU at some 
distance from the windward edge, bat that 
without oil there was no indication of eddies, 
thus indicating that the boundary condition 
introduced by the oil was the cause of the 
eddies. There appeared, therefore, to be no 
doubt that the bre^-down of the steady motion 
in the straight pip^ was due to eddies thrown 
off from the solid boundary', and that, conse- 
quently, eddies produced by any other cause 
such as a disturbance in the water would also 
tend to bring about the same result. Further, 
it follows that there must be another critical 
velocity which would be the velocity at which 
previously existing eddies would die out and 
the motion become steady. It was decided 
by Reynolds to test this conclusion by allowing 
water in a high state of disturbance to enter 
a tube and observing the motion at a distance 
from the inlet considered sufficient for the 
eddies to have died out i£ at all- 

Obviously the colour band method was 
useless for the purpose of settling this question, 
as the effect of ^ding colour to a mass of 
water in turbulent motion was to render the 
whole of it uniform in colour. It was decided 
finally to investigate the changes in frictional 
resistance with speed, as it was thought that 
the speed at which the law of resistance 
changed from that of the square to that of the 
first power of the speed might he sufficiently 
well marked to define a critical speed. For 
th^ purpose lead tubes of about 16 feet in 
length and a half-inch and a quarter-inch 
diameter were connected to a supply of water 
in such a way that the water entered the 
tubes in a high state of turbulence. The last 
5 feet of the tube was connected to a mano- 
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meter by small pipes leadiag from two holes, 
one at each extremity of the experimental 
length. The water flowing from the tubes 
was passed through a special meter, so that all 
the data for calculating the speed of flow and 
the frictional resistance were available. It 
was found that the critical velocity at which 
the motion changed from one type to 'another 
was very clearly marked, both by the violent 
disturbance of the water in the manometer 
when the critical velocity was reached, and 
also. by the marked change of slope of the 
curve of resistance of which the ordinates 
and abscissae were the frictional resistance 
and the speed of the water. 

As was anticipated, the value of the critical 
speed thus found was considerably lower than 
that obtained by the method of colour bands. 


value of is always given hy v^dphx-lc., and 
froru the streamline theory is known to be 
equal to 'i:,uVclcl, we have, by substitution, 

a relation wliich, according as = l or a 
value in the neighbourhood of 2 depending 
on the nature of the surface of the pipe, 
expresses the law of resistance for all sizes 
of pipe and conditions of flow of the fluid. 
The experiments of Reynolds on which these 
conclusions are based were carried out in 
smooth lead pipes of T27 and 0*62 cm. 
diameter, and through a speed range of from 
3 to 706 cm. per second for the 1*27 cm. 
pipe, and from 7 to 469 cm. per second for the 
0-62 cm. pipe. Further, a careful examination 


thus indicating that the critical 
speed in the latter case had a 
fictitious value. From the fric- 
tion experiments it was found 
that the real critical speed was 
given by the relation 

^■'= 2000 , 

g 

(iii.) Reynolds'* Index Law . — 
Reynolds’ method of presenting 
the results of the experiments 
was by means of plotting not 
the observed values of the re- 
sistance and speed, but the 
logarithms of these numbers. 
It was found that when this 
process was carried out for any 
particular pipe the resulting 
curve consisted of two straight 
branches, the lower one corre- 
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spending to observations below 
the critical being inclined at 
45° and the upper one at a slope to the axis j 
of pressure of to 1. These curves are shown 
in Fig. 10 for the case of the two lead pipes 
used. 

It was evident, therefore, that the law of 
resistance for speeds about the critical was 
not, as had been supposed, of the form 

R=A2;® + Bv, 

but of the form R=Cu". 

It will be seen later that this relation, 
kno-^ as the index law of resistance, is only 
approximate, hut over the range covered by 
Re 3 niolds’ experiments its accuracy is fairly 
high. 

A general law of resistance for pipes of all 
dimensions and rates of flow was obtained by 
Reynolds as follows. From the logarithmic 
plotting it appeared that R/R^.~( 2 J/^’^)” where 
Rg and R are the frictional resistances per 
unit area at the critical velocity and above 
it. But since by Reynolds’ discovery the 


no. 10. 

of Darcy’s very extensive experiments on water 
flowing in pipes ranging from 1-2 cm. to 50 cm. 
in diameter did not show any systematic 
deviation whatever from the general relation 
laid down, and with very few exceptions the 
agreement with the Reynolds formula was 
within 2 or 3 jicr cent. 

III. The Determin.-^tion by Theory 

Experiment of the Frictional Restrt- 
ANOE OF Surfaces to the Motion of 
Fluids over Them 

§ (15) Resistance to Motion of a Solid. 
— The analytical investigation of the resistance 
encountered by a solid moving through a fluid 
is one of considerable difficulty. In the early 
study of the problem, in order to simplify the 
treatment, the fluid was assumed frictionless. 
As this method led to the conclusion that the 
resistance was nil, in order to obtain results 
more in agreement with the known facts it 
was assumed that a surface of discontinuity 
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existed in the fluid whose boundaries con- 
sisted partly of fixed plane walls and partly 
of surfaces of constant pressure. In this 
way the resistance of a plane lamina in a 
fluid, inclined to the direction of flow, was 
obtained by Lord Rayleigh ^ in the form 
R=pAV^(7r sin a/4 + 7r sin a), where Y is the 
velocity of flow and a the angle which the 
lamina makes wdth the direction of flow. In 
this expression the variation of the resistance 
with the square of the sx^eed has been verified 
by expeiinient, but in practice the value of 
the numerical factor is modified by the 
existence of a “ suction ” at the rear of the 
lamina, which renders the calculated value 
too small. Broadly stated, the position as 
regards the possibiHty of solving problems in 
fluid resistance by the aid of mathematical 
analysis is that cases in which the motion 
of the fluid is steady ” — i.e. streamline in 
character — are amenable to mathematical 
treatment, but that cases of turbulent motion 
are intractable, because no analytical method 
of treating the motion of a fluid which consists 
of a mass of eddies has yet been evolved. 
Since in practically all cases of importance 
the motion in the neighbourhood of the solid 
surface is turbulent in character, our knowledge 
of the resistance to the motion of solid bodies 
through fluids is largely empirical. 

§ (16) Principle op Dynajuical Similar- 
ity.^ — Considerable progress has, however, 
been made in the prediction of the resistances 
of such large bodies as ships and aircraft by 
the carrying out of exj)eriments on scale 
models of these bodies in accordance with 
the x^rinciples of dynamical similarity. Thus 
it has been shown by Lord Rayleigh ^ that the 
relation obtained by Reynolds for the case 
of the flow of water in parallel channels is 
only a particular case of a general law of 
the resistance of bodies of geometrically 
similar shape immersed in fluids moving 
relatively to them, under the assumption 
that this resistance dex>ends only on the linear 
dimensions of the body and on the velocity, 
density, and kinematic viscosity of the flmd. 
It is further assumed that the geometrical 
similarity extends to those surface irregu- 
larities which constitute roughness. If this be 
the case, the expression for the resistance may 


be written 




( 1 ) 


where R is the resistance per unit area of the 
body, I is the linear dimension of the body, 
V is the velocity, p the density, and the 
viscosity of the fluid, k being a dimensionless 
constant. 

Now the dimensions of R are [M/LT^], and 
the dimensions of the right-hand side of 

^ Hayleigh, Scientific Papers, i. 291. 

2 See article “ Dynamical Simil^arity.^ 

® Philosophical Magazine, 1899, xlvui. 321. 


equation (1) are (L/T)«{L)^>(M/L3)‘^(M/LT)^ 
and by the principle of dynamical similarity 
these must be identical, i.e. the indices of 
the respective units must be the same. 
Equating these we have 

c + d = l 
a-^d—2 

a-^b — Zc — d=~l} 
c=l~d, b=-d, a=2~d, 


1=1 . 

1=2 


( 2 ) 


E=pV^f(^), . 


(3) 


or 

so that 

or generally 

where F is a function of the one variable 
(Vllv\ V being the kinematic viscosity of the 
fluid. 

It should be observed that the demonstration 
of the truth of this relation is a matter for 
experimental investigation, as it is quite 
possible that some characteristic of the fluid 
or of its motion may have been overlooked 
in the initial assumptions, such as, for instance, 
the elasticity of the fluid. Comparing this 
relation with the experimentally determined 
relation of Osborne Reynolds (§ (14), (iii.)), 
which may be put in the form 

R V \2~-n 

[ vd ) ’ 

we see that when ?i = l, i.e. when the flow is 
streamline in character, 

R 

pY^~'yd^ 


. fyd \ 4 p 
V I . ) ^\d' 


•and that when ?i = l-75 as in the case of the 
turbulent flow of water through smooth pii)es, 

A somewhat more general treatment of the problem 
of the conditions for similarity of motion in fluids 
was given in 1873 by Helmholtz,^ of which the 
following sketch may be of interest. Considering 
two fluids of densities pg, and kinematic viscosities 
the conditions under which the motions of the 
two fluids are similar are determined thus. Taking 
the equation of motion of the first fluid as 

1 dp du du du du 

— =-7- -f -f V — -tW-j 

p^dx di dx dy dz 

f d^u d^u"] 

and two similar equations, and writing 

p2=rpi, 

then in order that these equations may be trans- 
formed into the equations for the second fluid 

"P2 dX'dP^^dX^^'dY^^dZ 

f(PV , dr-TJ\ ... 


WissenschafUiche Abhandlungen, i. 158. 
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under the given conditions of simdarity 
V —nil, V == W==nio, 

it will be seen that multiplying (1) by the 
required transformation is effected if the changes 
in the scales of length, time, and pressure are 

T=-^tA P=wV • - (3) 

It follows, therefore, from the linear scale relation, 
that if Z, L are corresponding dimensions of two 
tubes in which fluids of densities p 2 > and kinematic 
viscosities are flowing in order that the two 

motions may be similar, L==(j/ 2 ^^Z/z/iV), i.e. VL/v, must 
have the same value for each. Again, from the 
pressure scale relation it follows that for similar 


widest range in the velocities of flow, the 
linear dimensions of the surfaces, and the 
nature of the fluids used as could be 
obtained. 

The most convenient method of securing 
these conditions, both as regards range in 
the value of the above characteristics and 
accuracy in the measurements of the velocity 
of flow of the fluid and the fiictional forces 
consequent upon it, was obviously that 
previously adopted by Reynolds, consisting 
in experiments on the flow through parallel 
pipes of circular cross-section. 

Adopting this method of w^orldng, a very 
complete series of experiments were carried 



motion the value of P/pV^ is the same for each 
fluid. The investigation of Helmholtz leads, there- 
fore, to the same condition for similarity of motion 
as that deduced from the dimension method of Lord 
Rayleigh. It has been pointed out by Sir George 
Greenhill that the interpretation of Proposition 32, 
book ii., in Newton’s Principia leads to the same 
conditions. 

§ (17) Expebimental Vbrificatton of the 
Rayleigh Fobmola. — An extensive series of 
investigations were carried out at the National 
Physical Laboratory ^ during the years 1910- 
1915 to test the accuracy of the assumptions 
on which the Rayleigh resistance formula is 
based. These exjDeriments consisted of detor- 
m illations of the intensity of the surface 
friction of fluids moving over geometrically 
similar solid surfaces, so as to include the 

^ Phit. Trans. Rop. Soc. A, ccxiv. 


out with air, water, and thick oils as the 
fluids and with velocities of flow ranging from 
30 to 6000 cm. per second. For accuirato 
comparison, as pointed out by Lord Rayleigh, 
the surfaces of the tubes should have been 
precisely goomotrioally similar as regards 
surface roughness, but as this condition could 
not he fulfilled the experiments wore all 
made on commercially smooth - di'awn brass 
tub.es. From the general agroornont of the 
results obtained with different pipes it was 
not apparent that slight irregularities in this 
respect had any marked effect on the resistance. 
The velocity ‘of flow was in all cases taken to he 
the mean velocity across the section of the 
pipe. In the case of the pipes of small 
diameter this was most conveniently estimated 
by passing the whole of the discharge thrriugh 
a meter and measuring the rate over a given 
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time. This method 
of procedure was not 
possible for the large 
pipes, and in these 
cases the value of the 
velocity at the axis of 
the pipe was measured 
by means of a Pitot 
tube and then multi- 
plied by the ratio of 
the mean speed to the 
maximum speed. As 
this ratio was not 
constant for different 
speeds and dimensions 
of pipe, it was neces- 
sary to carry out a 
special investigation 
on the law of its 
variation. This was 
done for the large 
pipes by fitting the 
Pitot tube with a 
micrometer head so 
that it could be tra- 
versed across the pipe, 
and a series of observa- 
tions made of the 
velocity at different 
distances from the 
axis. The value of 
the ratio was then 
found by plotting and 
mechanical integration 
in the usual way. 

The values of the 
ratio and its varia- 
tion with the value of 
Yuinx.djv are shown in 
Fig, 11, where Vmax. is 
the velocity at the 
axis. It wfil be seen 
that for low values 
of Vinax.^/^' varia- 
tion is considerable, 
but that when Ynuix^lv 
exceeds 100,000 it be- 
comes small. 

In all cases the 
value of the surface 
friction was calculated 
from the pressure drop 
along the pipe be- 
tween* two sections 
sufficiently far re- 
moved from the inlet 
of tho pipe for the 
velocity distribution 
across the pipe to 
have become uniform. 
The value of the press- 
ure drop was, in the 
great majority of cases. 



li>l^ 




I- 





S 

<£ 




_ in >0 lo JO 

CD in If) V) <D 

rn CO cj CO lo 

o j- 6 6 


o 

o 

-o- 





362 


FRICTION 


measured by connecting two holes in the wall experiments above the critical speed, i.e. 
of the pipe, one at each section, with a tilting from (?;cZ/f/) =2500 to (vciJ/y) =470,000, with the 
manometer of the Chattock type, by means excepti(Dn of a few individual determinations 
of which pressure differences as low as one- due possibly to errors of observation, the 
thousandth of an inch of water can be accur- variation of for either fluid in any of the 
ately measured. For the experiments with five pipes from its mean value does not exceed 
water flowing through small pipes at speeds 2*0 per cent, so that the accuracy of the 
from 5000 to 6000 cm. per second, wFere the assumptions in the derivation of the Rayleigh 
pressure drop to be measured was of the order law of resistance is fully demonstrated, 
of 50 lbs. per sq. in., specially calibrated There remained the comparison on the same 
Bourdon gauges were emi^loyed. These tests basis of the results of previous experimenters 
gave the highest value of vdjv obtained in the on the flow of fluids in pipes with those oh- 
experiments — 430,000 — and the frictional re- tained at the National Fhysical Laboratory, 
sistance was as high as 18 grammes per square These included the very elaborate invostiga- 
centimetre. The whole of the results are tions of Darcy ^ on the water mains of Paris, 
shown plotted in Fij. 12, in which the ordinates a very complete scries of tests on the flow 
are the values of R/pu^, and the abscissae of water through dravm brass tubes by Raph 
the corresponding values of vd/v, where R is and Schoder,**^ and the results of researches 
the surface friction per unit area, p the density by Brix® and Stockalpcr '^ on the flow of air 
of the fluid, and v the mean velocity of flow, through lead and iron tubes. 



Pig. 13. 


It will be seen that the curve consists of two 
branches connected by a narrow vertical band 
over which the points are somewhat irregularly 
spread. This hand indicates the region of bho 
flow between the break-down of the steady 
motion and the establishment of complete 
turbulence. The left-hand branch, correspond- 
ing wuth speeds below the critical value, is in 
very good agreement with the critical curve 
obtained from the hydrodynamical formula 
for steady flow, o 

d 

For values of the speed of flow above the 
critical it ■will he seen that the inclination 
of the curve to the horizontal becomes 
gradually less as the value of vd/y increases, 
indicating that the law of resistance tends to 
become one in which the friction varies, as 
the square of the velocity, and therefore 
independent of the dimensions of the channel 
and the temperature of the fluid. Through- 
out the whole of the range covered by the 


Unfortunately in some of these observations 
the tomperaturo had not l)eci) recorded, so 
that the values of v could not ho calculated 
with accuracy. 

The reduced results were plotted in the 
same manner as in Fig. 12, and the moan 
curves through them are shown in Fig. 13, in 
which the curve for the National Ifliysical 
Laboratory experiments is also indicatoci. In 
the case of Darcy’s experiments the curve fortho 
largest pipe is distinct from that of the others, 
presumably indicating greater rough ness of the 
internal surfaces, hut the general characteristics 
of the curves are what would bo expected, 
For Reynolds’ experiments on two smooth load 
pipes a mean line has boon drawn which indi- 
cates a lower resistance than that found in the 
National Physical Laboratory experiments, but 
the agreement is quite satisfactory as regards 

^ Comptes renduR, xxxviii. 

** Proc. Am. Soc. Civ. Bng., 1903, li. 253. 

Phil. Mag., 1909, xvJi. 395. 

^ Re.DUR Univ. den Mines, vli. 257. 
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the character of the curve and the position 
of the critical point. The most satirfactory 
comparison, however, is possible with Saph 
and Schoder’s results, since the nature of the 
surfaces in the t\Yo researches was probably 
identical. It will be seen that the two curves 
are nearly coincident throughout the whole 
range of the experiments, and indicate a very 
satisfactory agreement between the results of 
the two researches. For the comparison in 
the case of air flow the amount of experimental 
data available was not large, and there are 
some discrepancies which are difficult to ac- 
count for. These, however, are confined to 
one series of observations on a small pipe 
and may be due to an inaccuracy in the 
determination of its diameter. For the larger 
Xupes the agreement is fair. 

It has been shown by Dr. 0. H. Lees^ that the 
relation between and Tdjv indicated by the 

curve in Fig, 12 may be expressed algebraically in 
the form 

^^= 0*0765 

or B=p|^0-0765 

It may be remarked from the final expression for 
R. written above, that the frictional resistance will 
for all velocities be approximately proportional to a 
power of the velocity between the l*65th and the 
2nd, and that as the speed and diameter increase or 
the kinematic viscosity decrease the law of variation 
of the friction wUl approximate more and more 
closely to that of the square of the speed. This is 
in agreement with the experimental results obtained 
in the 1-26-cm. pipe referred to above. It is shown 
by Lees that if for any reason a single power formula 
for the frictional resistance is desired the most 
accurate value of n in the formula 

R=C2;” 

is given by 

/ r /vd\ 1 

«=2-29-7/{85+(-) }. 

It is also evident that as the resistance becomes 
more and more proportional to the square of the speed, 
due to increase of the diameter or velocity, the effect of 
change of temperature becomes less important. Thus 
it has been observed by Maw for water that when the 
resistance varies as the l-8th power of the speed it 
decreases 0-6 per cent per degree centigrade, and 
wlicn the resistance varies as the l*9th power it only 
decreases 0-25 per cent per degree. 

§ (18) The Acouracy of the Index Law. — 
The determination in these experiments of the 
frictional resistance of a 1-255-cm. pipe when 
the velocity ranged from 22 cm. per second, 
corresponding to the first commencement of 
eddying motion, to 3150 cm. per second, made 
possible a check, within these limits, of the 
accuracy of the well-known index law of 
resistance due to Reynolds and Froude. 

^ Proc. R.S., 1914, A, xci. 


The results for the 1*255 - cm. pipe were 
taken, and according to Reynolds’ method 
the logarithms of the friction and velocity 
from t?=40 to i; = 100 cm. per second were 
carefully plotted. The points so obtained 
were found to be on a straight line whose 
slope was 1*72 to 1. Assuming a law of 
resistance R = C?;’‘ where n had this value, C 
was determined from the low speed observa- 
tions used for the evaluation of n, and a series 
of values of R were calculated up to a speed 
of 3200 cm. 
per second. 

Plotting these 
calculated 
values and 
those actually 
obtained in 
the experi- 
ments, the two 
curves in Fig. 

14 were ob- 
tained, from 
which it will be 
seen that by 
the use of the 
index law the 
resistance is 
underestimated by 5 i>er cent at 1000 cm. per 
second, by 8*5 per cent at 2000 cm. per second, 
and by 15 per cent at 3000 cm. per second. 

In order to show the manner of variation of 
n throughout the whole range of velocities 
obtained, the values of n were taken out by 
the Reynolds method at four different stages 
and were found to be : 

Velocity per sec. (cm.) . . 58 258 900 2250 
Value of n from plotting . 1*72 1*77 1*82 1*92 

Similar results, showing a gradual increase 
in the value of n as the velocity of flow in- 
creased, were obtained by the reduction of 
the observations for the 0*712 and 1*255 cm. 
pipes, and it was, therefore, fully demon- 
strated that an index law for surface friction 
cannot be devised w'hich will express the 
facts with high accuracy, except over a com- 
paratively small range in the value of vd/v. 
The importance of a realisation of this fact 
when predicting the skin friction of large 
bodies moving in fluids from observations 
on small-scale models of them in the same 
fluid will be obvious. 

§(19) The Experimental Determination 
OF the Frictional Resistance of Thin 
Plates, (i.) Frovde's Experiments . — As pre- 
viously mentioned (§ (lfl))> the results on the 
frictional resistance to the flow of fluids in 
pipes, plotted in Fig. 12, are only appbcable 
to cases in which the velocity of the fluid 
at a given distance from the boundary is 
constant over the whole length considered. 
They are, therefore, not appbcable to the 
prediction of the frictional resistance of any 
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surface which includes that part of it over 
which the particles of fluid are being gradually 
retarded — ?.e. the part in the neighbourhood 
of the leading edge of the surface such as, 
for example, the immersed surface of a ship* 
For the prediction of the sldn friction of 
ships special experiments are necessary, and 
a large series of very important observations 



was carried out by Mr, William Froude in 
1872-74. These experiments were made in 
a water tank 278 feet long, 36 feet wide at 
the top, the depth of the water being 8 feet 
9 inches. The boards of which the frictional 
resistance was determined were about i^-inch 
thick, 19 inches deep, the top edge being 
IJ inches below the surface. The length 
varied from 1 foot 6 inches to 50 feet. 

The experimental apparatus {Fig. 15) con- 
sisted of a carriage running on rails fixed to 
the walls of the tank and capable of being 
drawn along at a uniform rate. A parallel 
motion suspended from the carriage carries 
the board, which is provided vdth a lead keel 
and a cut -water. The frictional resistance 
of the board is taken by the spring shown, 
the extension of which is magnified and trans- 
mitted to a recording drum on which a line 
is drawn whose distance from the base is pro- 


portional to the resistance. The drum is 
connected by gearing to tlie carriage- wheels 

* Jirltuh Association Reports, 1872-74. See also 
“ Ship llcsistancc,” § (8). 


so that the abscissa of the pencil trace is pro- 
portional to the distance moved through, and 
from a second record of time intervals on 
the paper made by means of an electric clock, 
the data for calculating the variation of resist- 
ance with speed are available. 

In this way a series of resistance- velocity 
curves (Fig. 16) was obtained for each longtlx 
of board, and from these a set of resistance 
length curves [Fig. 17) for given speeds could 
be deduced. In the first sot of experiments 
the latter curves did not pass through the 
origin, but above it, showing that the resist- 
ance was not zero for zero length. This was 
found to be due to the bluntncss of tho bow 
and stern of the board. On shaping these to 
knife - edges it was found that the curves 
passed through the origin. It was found, 
however, that the curves wore not straight 
but at all speeds wore concave to the base 



line, indicating that the resistance did not 
vary as the length but at a loss rate. This 
result is due to the fact that tho portions of 
the surface down - stream from the loading 
edge arc in contact with water whoso motion 
relative to them is less than in the neigh- 
bourhood of the leading edge, and tho frictional 
resistance of these portions is, therefore, loss 
than that of the other x)<^>i4ions nearer the 
edge. 

It was found that for a given plank tho 
resistance varied as v'^ whore n was constant 
for the particular plank, but in different 
planks depended on tho length and quality 
of tho surface. Tho value of n is found by 


the Rejmolds method (rf logarithmic i)lotting 
previously described. Very approximately 
tho results could be expressed by tho formula 
R=/S 2 ;”, where S is tho area of tho immersed 


Table I 


Length in feet 

2 


20 

50 


n. 

/. 

n. 

/. 

71. 

/. 

71. 

/. 

Varnish 

2-00 

0-0041 

1-85 

0-0046 

1-85 

0 00393 

1-83 

0-0037 

Paraffin 

1*95 

0-00426 

1-94 

0-0036 

1-93 

0-00318 



Tinfoil . . . 

2-16 

0-00208 

1-90 

0-00284 

1-90 

0-00331 

1-83 

0-00364 

CJalico . 

1-93 

0-0102 

1-92 

0-00754 

1-89 

0-00685 

1-87 

0-00639 

Fine sand 

2-00 

0-0090 

2-00 

0-00625 

2-0 

0-00534 

2-00 

0-00488 

Coarse sand . 

2-00 

0-0110 

2-00 

0-00714 

2-0 

0-00588 
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surface and v is tlie speed in feet per second. 
The value of / was found to depend on 

(1) The quality of the surface. 

(2) The length of the surface. 

(3) The temperature of the water. 

(4) The density of the water. 

The values of n and / deduced from the 
curves are given in Table I. 

§ (20) Estimation of the Friction of 
Plates from the Changes in Momentum of 
THE Fluid passing over them. — The experi- 
mental determination of the frictional resist- 
ance of the surfaces of thin plates immersed 
in a fluid by means of a direct measurement 
of the amount of the tangential force experi- 
enced by the plate itself, as in the case of 
Fronde’s experiments, is attended with con- 
siderable difficulties which render any accurate 
investigation of the variation of the intensity 
of the resistance almost impossible. These 
are due to the smallness of the force to be 
measured, the difficulty of obtaining a thin 
plate of the required rigidity, and the uncer- 
tainty of the large corrections which have to 
be made in taking account of the resistances 
of the supporting spindles. For this reason 
considerable attention has been given to the 
possibility of an estimation of the frictional 
resistances from the changes in the character- 
istics of the fluid which are the necessary 
effects of the forces exerted, i.e. to the changes 
of momentum of its molecules. One experi- 
mental method of this nature has already 
been discussed in some detail in describing the 
common device for measuring the frictional 
resistance of the surface of a parallel channel 
from the fall of pressure of the fluid between 
two given points in its axis. The essential 
feature of this method, however, is that it 
is only the changes in molecular momentum, 
or pressure, which are measured, and that 
the molar momentum of the fluid entering and 
leaving the two sections is the same. This 
method is, therefore, inapplicable, as has 
been previously mentioned, to any case in 
which the accelerations of the fluid due to 
the first impingement of the streams against 
the solid body have not died out, and is, con- 
sequently, valueless for predictions of the 
frictional resistance of air- or water craft. 

An extension of the method to take into 
account the changes in molar momentum has 
recently been attempted in an investigation 
of the frictional resistance of thin plates 
in a current of air at the National Physical 
Laboratory, and, as the results appear to be 
promising, a brief description of the manner 
in which the problem has been attacked 
and the results obtained will be given. 

In Fig, 18 let 0 be the leading edge of the 
plate, OA the length whose frictional resistance 
is to be determined, OE and AD the traces of 


planes through 0 and A perpendicular to the 
direction of flow of the air, and ED the trace 
of a plane parallel to the plate and at such a 
distance from it that the flow along ED is 
unaffected by the presence of the plate. Let 
be the velocity of the air impinging on the 
edge of the plate and supposed uniform over 



Fig. is. 

OE, and let V he the velocity of the air in 
any layer of thickness dz parallel to the plate 
and distant x from 0, i.e. in the section AD. 
Then, considering the changes of momentum 
in the layer of unit width perpendicular to the 
plane of the paper passing though the section 
AD, we have 

Change in molecular momentum =(p 
where p is the pressure at AD. 

Change in molar momentum = (mass passing 
through the extremity of the layer in AD) 
(Vo--V) = {/)V(Vo-V)j^f5. 

Therefore the total change of momentum in 
the layer is 

{Po”55 4-pWo-pV2}dz, . . (1) 

so that if R is the mean frictional resistance 
per unit area and we consider a strip of the 
plate of unit width perpendicular to the plane 
of the paper and x is the distance OA, we have 
for the frictional resistance of strip 

+ . ( 2 ) 

Hence if the values of p, and VqV for the 
various layers are known the value of the 
frictional resistance can be determined by 
graphical integration. Now p and po are the 
static pressures of the fluid, and a separate 
determination of their values or even of their 
difference is a matter of some experimental 
difficulty. The expression (1) can, however, 
be thrown into a form suitable for exjoeri- 
mental evaluation if written as follows : 

xR = f^[(Po + ipVo-) -(P + ipV=) 

(3) 

Here the expression (p + JpV^) is the total 
head of the fluid and is the actual pressure 
which is maintained in a Pitot tube facing a 
current of fluid. The determination of the 
skin friction is therefore seen to involve the 
measurement of the difference in pressure of 
two Pitot tubes, one placed in the section OE 
and the other at various points in AD suc- 
cessively, together with the variation of the 
velocity with distance from the surface at the 
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section AT). As the third term in (2) is 
relatively small, the accuracy required in. the 
determination of V is not high. 

In the practical application of the above 
formula, it should he noted that one essential 
condition is that the reduction in the value 
of the total head (p-t-JpV^) of the air pass- 
ing the plate should he entirely due to the 
frictional resistance of the plate and not 
affected by the presence of the walls of the 
wind channel in which the plate is suspended. 
In all experimental determinations, therefore, 
the plate should be removed and a measure- 
ment made of the fall, if any, in the value 
of the total head, by noting the difference in 
the pressures of the two Pitot tubes. If any 
difference is found to exist, this must be used 
as a correction to the subsequent readings 
when the plate is in position. 

In the experiments at the National Physical 
Laboratory a pair of fine Pitot tubes were 
attached to the arm of a rocking-lever in such 
a position that tJieir axes were in the same 
straight line parallel to the axis of the plate. 
The rocking-lever was operated by a micro- 
meter screw so that the distance of the Pitot 
tube axis could be set to any desired position. 
The position of the leading tube was 2 inches 
in front of the leading edge of the plate and 
that of the back tube 2 inches behind the 
back edge of the plate. 

Beadmgs of the pressure differences in the 
tubes and the difference in pressure between the 
back tube and the static pressure of the fluid 
at the back tube were taken at successive 
intervals of *025 inch from the surface of 
the plate up to the distance at which the 
differences in pressure were negligible, i.e. the 
total pressure head of the air flowing past the 
plate was unaffected by the presence of 
the plate. The differences in the values of 
the total heads and of - V)^ were then 
plotted on a distance base and the areas of 
the resulting curves determined by a plani- 
meter. The values of the above intejgrals 
multiplied by the width of the plate b are 
given in Table II., in which are also tabulated 


It will be seen that the results given by the 
method described are probably in good agree- 
ment with the results of direct weighings, 
when consideration is taken into account of 
the falling off in resistance at the long edges 
of the plate. 

A research on the distribution of the in- 
tensity of sldn friction is in progress at the 
National Physical Laboratory. The results 
obtained show that the V wake ” effect in skin 
friction is much smaller than has recently boon 
supposed, and in this respect tend to agreement 
with the older experiments of W. Proiide. 

§ (21) EfJFBOT OB CtJKVATtTRE OB SUKBAOES 
ON Frictional Resistanob. — It may bo 
remarked that the experiments of which the 
results are plotted in Fig. 12 wore all made on 
straight lengths of pipe, and that there is some 
evidence that curvature of the streams in 
the direction of flow has a marked effect both 
on the value of the. critical velocity and the 
law of resistance with speed after the critical 
velocity has been exceeded. This effect was 
apparently found in Grindley and Gibson’s 
experiments on a long length of pipe 0*32 cm. 
internal diameter which was coiled round a 
drum of 36 cm. diameter. In these experi- 
ments the critical velocity was found to bo as 
low as 60 cm. per second, corresponding to 
a value of vdjv of about 130. For velocities 
between 60 and 1200 cm. per second the law 
of frictional resistance was of the form 

R = C?;^ -Ji. 

It may bo remarlcod that oven at the liigbost 
speed attained in those experiments the Rey- 
nolds criterion vdlv — 20()Q was not attained, 
so that it is quite possible that in the event of 
observations at still higher S])oods being made 
the results would have agreed with that part 
of the curve of Fig. 12 above tlio criticjal. 

It is possible, of course, that the true value 
of the critical speed found in those experiments 
might bo due to other causes than the curva- 
ture of the pipe, but in view of the accuracy 
in the reduction of tlio value of the cooffleiont 
of viscosity for air from the observations there 
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the measured resistances of the plate when 
attached to a sensitive balance arm and 
weighed directly. 


is a strong probability that such was the real 
cause of the effect noted. 

An interesting series of experiments illus- 
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trating the effect of curvature of parallel 
boundaries have been made by IVIr. A. Mallock.^ 
In these experiments the fluid Avas placed 
in the annular space between two concentric 
cylinders, one of which revolved, the other 
being stationary. The frictional resistance 
of the surface was measured by measuring 
the moment on the stationary cylinder which 
could be either the inner or the outer one. 

Three distinct sets of conditions were tried, 
i.e. (1) outer cylinder revolving, inner cylinder 
stationary ; (2) inner cylinder revolving, outer 
cylinder stationary ; (3) repetition of series 
(1) with an annulus of different width. 

The arrangement of the apparatus for the 
tests on series (1) is shown in Fig. 19. 

The inner cylinder A is suspended by a 
torsion wire attached by a gimbal ring to the 
shaft B, which carries a 
divided circle read by a 
telescope T. E is the 
outer cylinder carried on 
the shaft F, which is 
driven by a motor pro- 
vided with a speed regu- 
lator. A is filled with 
water and E is water 
jacketed, the temperatures 
of both being observed 
and the temperature of 
the fluid in the annulus 
taken as the mean of 
these. The cylinder A 
has its floor about half an 
inch from the lower edge 
of the wall, and the space 
so formed is fiUed with 
air. Further, by means 
of a ring of the same 
diameter as A flxed to the 
floor of the outer cylinder, and by filling the 
annular space between the ring and cylinder 
with mercury, there is comparatively no drag 
on the w’ater in the annulus due to the bottom 
of the outer cylinder. ' 

In the case of the first series of experiments, 
with the outer cylinder revolving and the inner 
one stationary, the results were similar to those 
obtained in straight pipes, i.e. the friction was 
proportional to the speed up to a certain 
critical velocity, at wliich the motion broke 
down and steady readings of the friction were 
impossible to obtain, the conditions becoming 
steady again at higher values of the speed. 
This is shown in Fig. 20. The results, however, 
differed fundamentally from those obtained 
in straight pipes in that 

(a) The critical velocity was not proportional 
to the value of the coefficient of viscosity, i.e. 
its value did not conform to the theoretical 
condition vjjjv constant. 

Thus, comparing the results obtained with 
^ PMl. Trans. Roy. Soc., 1890, p, 14. 


water at 50° C. and 0° C., the viscosity of 
water at 50° C. is only one-tMxd of its value 
at 0° C., and it would be supposed therefore 
that the critical velocity at 50° would be 
one-third of its value 
at 0°. It was found, 
however, that insta- 
bility began at the ^ 
former temperature g 
at a speed only 11 g 
or 12 per cent less | 
than at the latter. 

(b) It was found 
that at speeds above 
the critical the fric- 
tional resistance 
varied as a power 
of the speed of the 
order of 2*4, whereas in Rejuiolds’ and 
Fronde’s experiments with flat boards and 
pipes the exponent was about T8. 

Values of the coefficient of viscosity deduced 
from the low-speed experiments in series (1) 



Fig. 21. 

were found to he consistently higher than the 
true values. The experiments of series (3), in 
which the width of the annulus was only half 
an inch, gave values of g, which were nearer 
to the true value. Previous experiments by 
Mr. Mallock, by the 
same method but in 
which the distance 
was only about J in., 
gave values of g 
closely approximating 
to the true value, so 
that there is no doubt 
that the discrepancy 
is due to the thickness 
of the annulus. The 
results are shown in 
Fig. 21. 

In the experiments 
with the inner cylin- 
der revolving and the 
outer cylinder fixed, the motion was essentially 
unstable at all speeds, and no value of the co- 
efficient of viscosity could be deduced. The 
results from this method are shown in Fig. 22, 
and indicate th at the conditions of flow appr oxi- 
I mate more closely to the eddying flow of fluid 




Speed 


Outer cylinder reooluing 
Inner ,, fixed 

Fig. 20. 



Outer „ fixed 

Fig. 22, 
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in straight pipes in that the friction varies as 
a power of the speed of about 1-8, and the 
measured value of the resistance per unit area 
at 10 feet per second was roughly that obtained 
by Mr. Froude in his experiments on planks. 

§ (22) Possibility of an Inoreasb in 
Resistance caused by a Reduction in 
Viscosity. — In the practical application of 
the results of the experiments embodied in 
the curve of J^ig. 12, it must be remembered 
that there was one important condition which 
was fulfilled in every case, which was that 
the observations were not taken until the 
distribution of speed across the section of the 
pipes had become uniform, i.e. all accelera- 
tions parallel to the axis of the pipes had 
ceased. It was found by trial that this 
condition was not fulfilled until a distance 
along the pipe from the inlet of about 100 
diameters was attained. The results of the 
experiments are therefore not applicable to 
the prediction of the intensity of surface 
friction of the part of the tube in the neighbour- 
hood of the inlet, when the layers of fluid in 
the neighbourhood of the surface are gradually 
reduced in speed owing to the frictional drag 
of the surface. 

Further, although it might be expected 
that, in the case of solid surfaces of shapes 
other than those of parallel channels, the 
phases of flow would correspond with those 
observed in pipes, ie. there would be a phase 
of streamline flow in which the resistance 
would vary as the first power of the relative 
speed, a critical velocity at which this form 
of flow would break down and a subsequent 
condition of turbulent motion in which the 
resistance would vary approximately as the 
square of the speed, it cannot be assumed that 
the form of the resistance curve will be similar 
to that of Fig. 12. For example, throughout 
the whole range of the turbulent motion 
covered in Fig. 12 the value of R/pz;^ falls 
continuously as vdjv increases. Suppose this 
increase is due to an increase in v from to 
V remaining constant. Then it is clear that 
Ro/Rj increases at a leas rate than 
or where n is less than 2. 

Suppose, on the other hand, that the increase 
in vdfv takes place by a reduction in the 
value of V from to v remaining constant. 
Then evidently R^ is less than R^ and we 
conclude that throughout the whole range of 
turbulence covered in Fig. 12 a reduction 
in viscosity is accompanied by a reduction 
in frictional resistance. Very conclusive 
evidence has, however, been found that in 
some cases of the resistances of bodies 
immersed in fluids the value of lUjpv^ increases 
with increase of vdjv. It is evident that, in 
such cases, since the increase in vdjv mav 
take place by a reduction in the value of 
V remaining constant, and thoroforo Rg being 


numerically greater than R^, a reduction in 
viscosity will be accompanied by an increase, in 
the frictional resistance. Further, since in such 
cases where 7i is greater than 2, 

the criterion of such an effect will bo a resist- 
ance var 3 dng as a power of the speed greater 
than 2. The following arc sonic examples. 

(a) Friction in Smooth Pipes. — As was 
mentioned in the description of Reynolds’ 
experiments, it is usually found that over the 
region intermediate between turbulent and 
steady motion the friction conditions are so 
unsteady that consistent readings at any 
given speed are impossible. In some observa- 
tions with a small pipe of J in. diameter, at the 
National Physical Laboratory in 1913, it was 
found, however, that the change from stream- 
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line to eddy motion took place very gradually, 
and that it was possible to obtain a series of 
consistent readings of friction and speed over 
the range of speed liotwocn the two conditions 
of motion. The results arc plotted in Fig. 23, 
in which the ordinates arc the losses of head 
in feet of water over the fixed Icngtli of pipe 
under observation and the abscissae arc the 
corresponding values of tho discharge in 
gallons per second, i.e. tho curve shows tho 
variation of the surface friction Avith tho 
speed of flow. In the lower curve is shown 
the value of n in the relation 'B-hv^ obtained 
from the upper curve, in the ordinary manner 
by logarithmic plotting. It will bo scon that 
at very small values of tho velocity tho friction 
is proportional to tho speed, and that at high 
speeds it varies nearly as tho square of tho 
speed. Between those points indicated by AB 
and CD in Fig. 23 is tho section BC repre- 
senting tho flow at intermediate stages of 
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turbulence, where, as shown by the lower 
curve, the resistance varies as a power of the 
speed which may be as high as 3-5. This 
evidence confirms the general reliability of the 
portion of the curve in Fig. 12 in the neigh- 
bourhood of the critical point. 

{h) TJie Resistance of Spheres. — At very 
small velocities the total resistance of a 
sphere is given by Stokes’ formula. 


^_o F 

where I is the diameter of the sphere 
and V its velocity relative to the fluid at a 
great distance away from it. Experiments at 
higher values of have been made by M. 
Eiffel ^ in a wind- channel and by Mr. Shake- 
speare ^ by dropping weighted spheres down a 
tower and observing the terminal velocity. 
Mr. Shakespeare states that over the range of 
his experiments the resistance increases more 
rapidly than the square of the speed and more 
rapidly than the square of the diameter. 
The experimental results are shown plotted 
in Fig. 24, which, it will be seen, bears a 
marked resemblance to that for resistance 
in pipes with the exception that the part 
corresponding with values of n greater than 2 
occupies a greater proportion of the whole 
experimental range. The part of the curve 
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JK {Fig. 24) corresponds vdth the centre 
portion of Fig. 12. 

(c) TJie Resistance of Cylinders. — This sub- 
ject has received considerable attention owing 
to the importance of a knowledge of the 
resistance of wires in aircraft rigging. A 
very full account of the experiments will be 
found in the Report of the Advisory Committee 
for Aeronautics y 1912-13, p. 126, and in Fig. 
25 the mean curve of the results is reproduced. 
It wdU be seen that that part of the curve 
over which 'RIpvH^ increases with the value 
of vljv, thus indicating a diminution of 

^ La Resistance de V Air. 

® Brit. Ass. Rep., 1913. 


resistance with increase of viscosity, is now^ a 
large fraction of the whole curve, and consti- 
tutes perhaps the most important evidence 
of the efiect. 

It would appear, therefore, that the exist- 
ence of particular states of flow in fluids, in 
w’^hich an increase in viscosity is accompanied 
by a reduction in resistance, has been fully 
demonstrated. The precise explanation of 
the phenomenon is not clear, but there 
is a strong probability that the increase in 
viscosity has the efiect of reducing partial 
and already existing turbulence, and thus 
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procuring a reversion to the conditions of 
streamline flow. 

§ (23) Dieect Measfeemekt of Feictional 
Resistance from Velocity Slope at the 
Botjndaey. — From the preceding discussion 
of the practical methods which can be used 
for the measurement of skin friction in 
turbulent motion, it will be seen that any 
accurate determination of the intensity of 
skin friction on a small area of a surface 
over which the variation is considerable is a 
matter of considerable difficulty if not 
altogether impossible. Up to the present, 
success in the measurement of skin friction 
has only been attained in those cases in 
which the accelerations of the fluid in the 
direction of flow have died out, such as the 
flow of fluids in long pipes. Unfortunately 
the problems of skin friction, which are of the 
greatest importance m practice, such as the 
determination of the frictional resistance of 
ships and aircraft’, are those in which the 
velocity of the fluid is contmually changing, 
and it does not appear that the solution of 
these problems can be hoped for unless the 
conditions at the boundary of a fluid in turbu- 
lent motion are known, and several attempts 
to investigate these conditions have recently 
been made. Such advances as have been 
made in the knowledge of the boundary 
conditions of a fluid in turbulent motion 
have been obtained, as would be expected, 
from a study of the conditions of flow in 
parallel pipes. In such flow it is generally 
accepted that when the speed is below the 
critical, the layer of fluid in contact with 
the boundary is at rest relative to it, as any 
slipping of finite amount would be detected 
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in a variation from the Poiseuille law of the 
relationship between the diameter of a pipe 
and the time of efflux of a given volume of 
fluid. At speeds above the critical, observa- 
tions near the walls have shown that the 
mean velocity falls rapidly as the solid 
bounding surface is approached, and it has 
been suggested that at the walls there may 
exist a thin layer in wliich the flow is laminar 
in character, in which case, if there is no 
shpping, the frictional resistance would be 
determined from the slope of the velocity 
curve in the surface layer and the coefficient 
of viscosity of the fluid. Several attempts 
have been made at the National Physical 
Laboratory to obtain evidence as to the 
truth of this assumption, and a series of experi- 
ments were carried out in 1920,^ the results 
of which afford strong evidence that such a 
layer exists. The method adopted, was to 
set up a condition of turbulent fluid motion 
over a surface of which the frictional resistance 
could be accurately determined and to measure, 
by means of a very fine Pitot tube, the velocity 
of the fluid at a point as near the wall as 
possible. The difficulties of using a Pitot 
tube under such conditions were : (a) that the 
pressure indications of the Pitot tube might 
be considerably affected by an interference in 
the flow in the neighbourhood of the boundary 
due to the presence of the tube itself ,* and 
(6) that when such a tube was placed in a 
current of fluid in which the variation of 
velocity across the mouth of the tube was very 
great (amounting m the extreme cases when 
the tube touched the walls to several hundred 
per cent of the mean speed), it was by no means 
certain that the value of the speed deduced 
from the pressure in the Pitot tube would be 
the actual speed at the geometrical centre of 
the tube. The Pitot tube, which was finally 
adopted for the work, was one of which the 
external dimensions at the orifice were 
0-1 X 0*8 mm. and the internal dimensions 
0-05 X 0-75 mm. This was set up in a pipe 
of 0-714 cm. diameter, through which a current 
of air was passed by means of a centrifugal 
fan, and observations of the Pitot tube pressure 
were taken over as wide a range in the mean 
rate of flow through the pipe as possible. 
At the same time the corresponding slopes of 
the static pressure gradient down the pipe 
were accurately determined. From the latter 
measurements the values of the surface 
friction of the walls for different rates of flow 
were calculated. The Pitot tube observations 
were then repeated for other distances of the 
tube from the walls. For each distance a 
curve of speed variation with surface friction 
was plotted, and from these curves it was 
possible to scale off, for any given value of the 
surface friction, the speeds corresponding to 
^ JProc. Boy. Soc. A, xcvii. 413. 


the different distances of the Pitot tube from 
the walls and so plot a curve showing the 
variation of speed with position of Pitot 
tube. These curves are shown in Fig, 20. 
In the same figure are shown in dotted lines 
the velocity slopes which would exist at the 
boundary if the flow w'^cre laminar. Those 
are calculated from the known frictional 



resistances and the values of the coefficient 
of viscosity for air. 

To show the relation between sui'faoe 
friction and the speed at a point near the wall, 
the corresponding observations were reduced 
by the Reynolds method of logarithmic 
plotting previously described, as shown in 
Fig. 27. These plottings show that the 
relation between surface friction and speed 
at a point is of the same form as for surface 
friction and mean flow, i.e. R = C^;”, but 
that the value of n diminishes as the hounclaty 



is approached until when the geometrical 
centre of the Pitot tube is -075 mm. from the 
wall the value of n is 1 -10. It would appear, 
therefore, that at this distance the eddy 
motion has nearly disappeared. 

On examining the curves in Fig. 20, and 
assuming the errors mentioned under (a) and 
(b) above are negligible, the following char- 
acteristics will he noted. 
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(c) The slopes of the tangents to the velocity 
curves at distances of -075 mm. and above 
from the walls are very much smaller than 
would he the case if the flow were laminar 
at these distances from the wall. 

(d) The speeds calculated from the observa- 
tions at a distance of -075 mm. and less from 
the walls are appreciably higher than would 
exist in laminar flow with the measured I 
surface friction. For example, with a fric- I 
tional resistance of 10 dynes per sq. cm. the 
calculated speed at *075 cm. from the walls I 
was 795 cm. per second. In laminar flow 
with this value of the surface friction the 
speed would be 443 cm. per second. 

It appeared, therefore, that if in these 
experiments it could be assumed that the 
speed indicated by the Pitot tube was the speed ^ 
of the fluid at its geometrical centre the stream- ; 
line motion, if it existed, was confined to a i 
region of less than -05 mm. from the boundary, i 
and, further, the observations were not 
inconsistent with a finite amount of shp at 
the boundary. It was evident, therefore, 
that the proof of the existence or otherwise of 
streamline motion at the boundary would 
involve a much closer exploration of this . 
region than had hitherto been possible. As 
any further reduction in the cross dimensions 
of the Pitot tube would have rendered it 
unworkable, a modification of the shape of the 
tube was considered, and it was decided to try 
experiments with a tube in which its boundary 
adjacent to the wall of the pipe was removed 
and its place taken by the wafi of the pipe 
itself. This modification is shown in Fig. 28. 

As the space occu- 
pied by this tube 
was considerably 
less than in the 
four-walled one, it 
was decided to fit a 
Pitot tube of this 
form to a pipe of 
0-25 cm. diameter. 
The reason for 
choosing such a 
small pipe was that 
the critical velocity 
Jig. 28. hi it would be so 

high that it would 
be possible to take a series of observations 
at about 0*1 mm. from the wall at speeds 
of flow below the critical, in which cases the 
actual distribution of velocity across the tube 
was known to be parabolic, and compare these 
values with those deduced from the Pitot tube 
readings. In this way the relation between the 
geometrical centre of the Pitot tube and its 
effective centre could be determined, and the 
possibilities of error pointed out in (a) and (6) 
above would be avoided. 

A series of tests were accordingly made at 



a given value of the mean rate of flow below 
the critical, and at different distances of the 
geometrical centre of the modified Pitot tube 
from the wall. From the equation of the 
distribution of velocity in streamline flow 
v=vj,l -r^ja^) the values of r were calculated 
for each value of v calculated from the ob- 
servations. 

Points were then plotted whose ordinates 
were the values of (a-r) and whose abscissae 
were the corresponding distances of the geo- 
metrical centre of the Pitot tube from the wall. 

This process was repeated for different 
values of the mean flow aU below the critical 
value, and the mean curve through aU the 
plotted points was taken to be the calibration 
curve for the Pitot tube. This curve is shown 
in Fig. 29. It will be seen that for openings 



Pig. 29. 


of the Pitot tube of the order of 0-3 mm. 
the assumption that the calculated speed is 
that which exists at the geometrical centre of 
the orifice is not greatly in error, but that when 
the opening is of the order of 0-075 mm. the 
interference with the flow is so considerable 
that the calculated speed is that which exists 
at the edge of the Pitot tube further from the 
walk 

A series of observations were then made aU 
at a speed above the critical and with the 
centre of the tube at different distances from 
the wall The speeds calculated from these 
observations are shown plotted in two methods 
in Fig. 30. On the left-hand side of the figure 
the abscissae of the points are the distances of 
the centre of the Pitot tube from the wall, and 
on the right-hand side the abscissae are the 
‘‘ effective distances ” as scaled off from the 
calibration curve of Fig. 29. Assuming that 
this calibration curve can be applied to con- 
ditions of flow above the critical, which seems 
reasonable in view of the fact that the amount 
of turbulence at the distances in question 
must from the evidence of Fig. 27 he very 
small, the curves on the right of Fig. 30 show 
the velocity distribution near the waU when 
the readings of the Pitot tube are corrected 
for interference. 




372 


FRICTION 


It will be seen that the effect of the correc- and, since all the terms on the right-hand side 
tion for interference is that at distances of are supposed known, is determinable. If, 
the order of 0-05 from the wall the slopes of therefore, the linear dimensions of Si are such 
the velocity curves approximate fairly closely that no experiment for the purposes of ostimat- 
to the values which would exist in laminar ing its resistance can be made upon it, the 
flow. Further, there is no indication of the comparison made above opens up a possibility 
existence of any slip at the boundary. The of predicting this resistance from an ex}:>eri- 
conclusion was, therefore, that very definite mcnt on a small scale model of it in a laboratory, 
evidence had been found of the existence at In practice the use of this method is limited 
the boundary of a fluid in turbulent flow, of by the fact that the necessary conditions 
a finite layer of fluid in laminar motion and to be fulfilled in the model test are nearly 
having zero velocity at the boundary. This always impossible to realise. For example, if 
evidence was supported by similar observations it is required to predict the resistance of an 
made on a large pipe of 12-7 cm. diameter, airship 200 feet long at 60 feet per second and 
and very large rates of flow, and, although a a model of the ship to a scale of xV is available 
rigid demonstration was out of the question, for the experiments, then supposing the test to 

be made in air, we liave 
and there- 
fore Vq = I0i\ = 000 feet per 
second, a condition which 
could not bo realised in 
a laboratory experiment. 
Suppose, however, the 
model experiment bo made 
in water. Then we have 
— 13^2, ~ 10Z2> and 

since VjlJv-j^ = VzlJv 2 f wc 
have 2;a = 46 feet per 
second. This condition, 
again, is one which could 
hardly be realised in water 
tanks with submerged 
models, but it will bo 
clear tliat the possibilities 

_ of a prediction arc greatly 

yvo.s from wall " nq. 3 from wall increased. If we could 

Tig. 30. obtain a fluid whoso 



there seemed no reason to doubt that in turbu- 
lent motion the boundary condition is given 

by 

§ (24) The Peediction oe the Re.sist- 
ANCE OE Bodies moving in Fluids, from 
Experiments on Scale Models of them. 
(i.) General Comiderations . — From the expres- 
sion for the resistance of a body moving in 
a fluid at speeds below the velocity of sound 
in the fluid — it is obvious 

that the resistance of a body of given shape 
moving in a fluid of density and kinematic 
viscosity at a speed may be predicted 
from the measured resistance of a scale model 
of the bod3’' 83 moving in a fluid of density 
and kinematic viscosity pg, ^ speed pro- 
vided that I 2 , V 2 » ^2 ^^6 chosen so that 

for then 


kinematic viscosity was 
only 1 per cent of that of air, the model test 
could he made at a speed of 6 foot per 
second and the prediction could probably be 
made. 

Unfortunately no such fluid is available, so 
that a direct solution of the problem is not 
to be hoped for. The importance of scale 
model tests, however, is not tlioreby negatived, 
since a study of the variation in the value 
of Ji/pv^ over the range in which scale model 
tests are possi))lo often renders invaluable 
help in the prediction of the manner in whicli 
it will probably vary outside this range. 
This will be seen from a study of tlie curves 
of variation of 'R/pv^ with vljv in Figs. 12, 24, 
and 25. In each of these cases it will bo soon 
that for high values of vljvf which arc those of 
practical importance, the curve appears to be 
tending to a definite limiting value, which may 
he used, with probably fair accuracy, as a 
basis of prediction in design. 

(ii.) Ship Resistance .^ — One of the most 
important applications of model experiments 
is the prediction of the resistance of ships, since 
^ See “Ship Resistance," § (4). 
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it is of fundamental importance to know 
at what speed a ship of given lines will be 
propelled by engines of a given horse-power, 
and also to have some reliable means of 
estimating the benefit which may be derived 
from a change of lines. The problem of the 
prediction of ship’s resistance is, however, 
complicated by the fact that a considerable 
proportion of the total resistance of a ship 
may be due to the formation of waves on the 
surface of the sea and that this component 
cannot be estimated by the application of 
the law of comparison vZ/y = constant. A law 
of comparison for both friction and wave- 
making may be derived by the ordinary 
dimensional reasoning, remembering that, in 
addition to the velocity, density, and viscosity 
of the fluid, and the linear dimensions of the 
solid, the acceleration of gravity must also be 
taken into account, i.e. we have 

. . . ( 1 ) 

or the dimensional equation 

from which 6 = 1 i 

c + cZ + 2e=2i . . (3) 

a- 36-f-c4-2cZ + e = l j 

or 6 = 1, <x=2-d + e, c=2-d-2e, 

from which 

-‘"’‘■©■(a)' 

or ^). . . (4) 

In order, therefore, that the total resistance 
of a ship may be accurately predicted from 
the measured resistance of a scale model of 
it, the following relations must hold : 

wZ_VL 

7"ir 

where the capital letters refer to the ship and 
the fluid in which it is immersed and the 
small letters to the model and the fluid in 
which it is towed. The condition is therefore 
N/f'=VL/^;Z = (L/Z)l 

Assuming L/Z = 25, it would be essential, 
for the condition to be fulfilled, that the 
model should be towed in a fluid whose 
kinematic viscosity is less than 1 per cent of 
that of sea-water, which, of course, cannot be 
realised. For this reason the method adopted 
in practice is to separate the wave-making 
resistance from the frictional resistance in the 
following manner. It is clear from equation 


(4) that if friction be neglected the wave- 
making resistance of a ship is given by 

R„=/>i.=Z^Fgi). . 

If, therefore, we determine the wave-making 
resistance of a scale model of a ship under 
the condition that the quantity gljv^ is the 
same for the ship and the model, we have 

- ( 6 ) 

i,e. the wave-making resistances of ship and 
model are in the ratio of the respective dis- 
placements. The procedure adopted is to 
carry out a test in a water-tank of a scale model 
of the ship at a speed given by t’^/Z=V^/L 
and determine its total resistance r. By 
means of tables of frictional resistances based 
on Fronde’s tests on the frictional resistance 
of thin planks the value of the frictional 
resistance of the model at a speed v is 
calculated and we then have r„ = r-ry. The 
wave-making resistance of the fuU-sized ship 
is then given by equation (6) 



The frictional resistance of the ship is then 
calculated from the available data and its 
value is added to to make up the total 
resistance of the ship. 

The objection to the use of data obtained 
from experiments on thin plates, for the 
calculation of the skin friction of ships, will 
be obvious from the consideration that the 
distributions of the fluid motion in the two 
eases are widely different. This is particularly 
marked in the case of the ship’s stem owing 
to the marked tendency of the streams after 
passing the midship section to separate from 
the lines of the ship, leaving a wake of eddies 
at the stem moving at comparatively low speed. 
This effect is well brought out in the photo- 
graphs shown in Fig. 31. These photographs 
represent the flow of water ronnd small model 
balloons of varying fineness of tail. In order 
to render visihle the flow in the region of the 
tail the model was given a thin coating of 
colour which would gradually dissolve away 
as the water flowed past and by the extent of 
its admixture with the water streams would 
give an indication of the motion. It will be 
seen that in each case there is a dead water 
region at the tail, the extent of which increases 
with the bluntness of the tail, and since it also 
increases with the speed of flow, it is probable 
that the region will be large even in the case 
of a fine-tailed balloon of normal size and at 
normal speed. Corresponding effects will take 
place in the case of a ship unless the lines 
are particularly fine. 

§ (25) The Estimation of the Friction 
OF THE Tides. — From the curve of Fig. 12 
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it will be seen tliat for very high values of 
vljv the value of tends to a definito 

limit w'hose value is not far removed from 
•002. It would appear from this that in the 
case of rivers and canals an approximate 
estimate of the frictional resistance to flow 
may be made by assuming that the frictional 
resistance of the bottom is equal to -002 pv^. 
An interesting calculation has recently been 
made by Mr* G. I. Taylor^ which indicates 
that this value may also be applied to the 
frictional resistance caused by the movement 
of the tides over the bottom of the sea. 
Assumi n g the frictional resistance per unit 



Direction of Flow. 
Fig. 31. 


area to be given by Tepv^, the energy dis- 
sipated per square centimetre per second is 
hpv^. Now the tidal stream at any time t 
after it has attained its maximum velocity 
may be taken roughly as t;=V cos 27ri/T, 
where V is the maximum tidal stream and T 
is the semidiurnal tidal period of 12 hrs. 25 
mins. The average rate of dissipation of 
energy over each square centimetre is, there- 
fore, equal to the mean value of hpSf^ oos^ 27ri/T. 
Applying this to the case of the Irish Sea, 
taking V — 2]- knots, Mr. Taylor finds that 
the mean rate of dissipation of energy is 
h X 650,000 ergs per sq. cm. per second. By 
an independent calculation of the rate at which 
energy flow's into the Irish Sea, Mr. Taylor 
shows that it is possible to find the approxi- 
mate value of h. Taking the southern entrance 


to the Irish Sea between Arklow and Bardsey 
Island, from the known data of the depth of 
the channel, strength of the current, and 
range of tide in mid-channel, the mean rate 
at which energy is transmitted across this 
section is 6-4 x 10^’ ergs per second. The 
flow through the North Channel is shown to he 
negligible compared with this value. In 
order to arrive at the loss of energy by frictional 
drag it is necessary to subtract the work done 
against the moon’s, attraction by the water. 
This is estimated by Mr. Taylor to bo 110 
ergs per scj. cm. per second. Taking the area 
of the Irish Sea to he 3*9 x 10^^ sq. cm. the 
energy transmitted is 1640 ergs per sq. cm. 
per second, and subtracting the 110 due to 
the work done against the moon’s attraction, 
w'e have 1530 ergs per sq. cm. per second. 
Equating this to the above value obtained 
from the frictional resistance 050,000^1;, wo 
have ^-=0024. This is in good agreement 
with the limiting values of Ic given by the 
curves of Fig. 12. 

§ (26) The Friction of the Wind on the 
Earth’s Surface. — Assuming that the skin 
friction of the wind on unit area of the earth’s 
surface can he expressed in the form F^hpClg^ 
where Q, is the velocity of the wind near the 
surface of the ground, the value of h has boon 
calculated by Mr. G. I. Taylor^ from his 
theory of eddy motion and certain meteoro- 
logical data obtained at Salisbury Plain. 
Referring to the sketch of this theory given 
in § (13) above, it will be seen that if Ej. and 
are the components of the friction of tlio 
wind along axes parallel and perpendicular to 
straight isobars and u and v the comjioncnts 
of the wind parallel to these axes, then 

F. 


““1 ^ 


rdu-1 

LdzX, 

and P, 


'-'tS] 


|2«0, 


( 1 ) 


where pf is the coefficient of eddy viscosity. 
The total skin friction is evidently 

F= VF^'+F^. 

Now from the equations of § (13) it follows 
that 

rdw~| _ 2 tan a ^ -jTr-t-a^ 

{dz j3=o'"l+tan^a-^'G~Hi" I 
^ tan^ g Jy + ap 
+tan^ a * Hi J 

and hence 


( 2 ) 


F = 2/4 Qq, sin a 


Jtt-I- a 
Hi ’ 


(3) 


so that if, following the ordinary convention, 
wo write F = hpQJ^ we have 


k = 


F 2/4 


Jtt -f-a 

“Hr 






^ “ Tidal Friction in the Irish Sea,” Phil. Trans. 
Uoyal Society, eexx. 1. 


® “Sldn Friction of the Wind on the Jiartli’s Sur- 
face,” Proc. R.S. A, D, cxxxvii. 190. 
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From the data furnished by ]\Ir. Dobson’s 
experiments on Salisbury Plain : 


! ^ 

Wind. 

t 

1 

i 

a. 

Hi. 

Metres. 

Qa. 

Qs* 

k. [ 

Strong . ] 

62x103 

20° 

900 

1560 

950 

0*0022 

Moderate 

Ol 

o 

X 

2U° 

800 

910 

590 

0*0032 

1 Light . j 

128x103 

i 

13° 

600 

460 

330 

0*0023 


It will be seen, therefore, from reference to 
the curve in Fig. 12 that the limiting value 
of the ratio lH/pv^ obtained in laboratory 
experiments on pipes when the velocity or the 
linear dimension is large, may also be applied 
with fair accuracy to the calculation of the 
skin friction of the wind on the earth’s 
surface. 


it was possible to obtain the distribution of 
the fluid pressure over the whole surface 
of the bearing. A typical series of results 
are given in Table UI. 

From an examination of the results it can 
be shown that the frictional resistance as given 
by the product of the coefficient of friction 
and the load was fairly independent of the 
load and was nearly proportional to the velocity 
and, further, that it varied considerably 
with the temperature of the oil film. 

(ii.) OsboTTie Reynolds' Theory . — ^After the 
publication of the results of these experiments 
the matter was taken up by Osborne Reynolds, 
who realised that the film might be thick 
enough for the unknown boundary condition 
to disappear, in which case the equations of 
hydrodynamics could be applied to the motion. 
As the result of a somewhat intricate investi- 


Table m 

Experbcexts ox Jottexal 4 Inches Diametee, 6 Inches Long 
Lower Surface of Journal Immersed in a Bath of Rape Oil at 90° P. Chord of Arc 
of Contact of Brass 3*92 inches 


Load in Lbs. 
per Sq. In. 
of Projected 
Area of Brass. 

Coefficient of Friction for Speeds as below.* 

100. 

150. 

B 

200. 

^evolutions 

250. 

per Minut 
300. 

e. 

350. 

o 

o 

450. 

573 

, , 

•00102 

•00108 

*00118 

•00126 

■00132 

•00139 


520 


•000955 

•00105 

•00115 

•00125 

•00133 

•00142 

•00148 

415 


•00093 

•00107 

•00119 

•00130 

•00140 

•00149 

•00158 

363 

.. 

•00084 

•0096 

•00110 

•00122 

! -00134 

*00147 

•00155 

258 

*00107 

•00139 

•00162 

•00178 

•00195 

•00213 

*00227 

•00243 

153 

*00162 

*00200 

•00239 

•00267 

•00300 

-00334 

*00367 

•00396 

100 

•00277 

*00357 

•00423 

•00503 

■00576 

•00619 

•00663 

•00714 


♦ The definition of the coefficient of friction as tabulated above is — Coefficient of friction mtUtiplied by the 
total load=moment of friction divided by the radius of the journal. 


§ (27) The Frictional Resistance oe 
Surfaces separated by a Thin Layer 
OF Fluid, (i.) Cylindrical Surfaces, Towefs 
Experiments. — It was discovered by Mr. 
Beauchamp Tower iu 1883 in the course of some 
experiments made for the Institution of 
Mechanical Engineers,^ that in the case of a 
lubricated bearing resting on a revolving shaft, 
the surfaces of the shaft and bearing were 
completely separated by a thin film of oil 
under pressure, and that the component of 
the total fluid pressure in the direction of the 
load was numerically equal to the load. 

Tower’s apparatus consisted of a half- 
bearing of brass resting on a shaft 4 in. in 
diameter, the lower part of the journal being 
ahvays immersed in oil. Arrangements were 
made to measure the frictional resistance of 
the bearing, the speed of the shaft, and the 
temperature of the oils for various conditions 
of loading. Further, by inserting pressure 
holes at various points in the surface of the 
bearing and connecting these to a manometer 
^ Rroc. Inst. Mef'Jiamral Engineers, 1883-84. 


gation,^ he obtained an approximate solution 
of the problem of the half-bearing, the results 
indicating that it was essential for the mainten- 
ance of the film that there should be a difference 
between the radius of the bearing and that of 
the journal, the two surfaces having a given 
eccentricity depending on the load, conditions of 
running and the nature of the lubricant. It was 
further shown by the theory that this position of 
nearest approach was not in the line of action 
of the load, but that the relative 
position of the two surfaces would 
be somewhat as shown in Fig. 32, 
the position of nearest approach 
being on what was termed by ^ 

Mr. Tower the “ off ” side of the ‘ 

line of load, i.e. the side of recession of the 
journal surface from the line of load as 
distinguished from the “ on ” side or side of 
approach. 

Thus, starting from the condition of no load, 
the distribution of the vertical and horizontal 
components of the pressure of the oil film 
* Phil. Tram. Roy. Soc., 1886, Part I. 
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would be as indicated by the curves in Fig. 33. 
In this case the position of nearest approach 
HG is vertically above the centre of the 
journal, the pressure of the film relative to the 
pressure at this position being positive on 
the on side and negative on the off side, and 
the distribution being such that the total 

Vertical Pressure 



Fig. 33. 

vertical component is zero and the total 
horizontal component equal to the horizontal 
component of the friction. 

On applying a vertical load it is essential 
for equilibrium that the positive vertical 
component of the oil pressure should exceed 
the negative component by the amount of 
the load imposed, and consequently the 
bearing tilts over into the position shown in 
Fig. 34, in which the resultant of the vertical 
pressure of the oil and the friction of the 
bearing surface exactly balances the load. 
As the load increases it appears from the theory 
that the position of nearest approach moves up 
to the left extremity of the bearing and that 
on further increasing the load it moves back 
again towards the central position. Further, 
when the load is in such a position that the 
least separating distance HG is almost half the 
difference in radii of bearing and journal the 
angular position of HG 
is about 40° to the off 
side of the centre line. 
At this position the 
pressure on the oil film 
is everywhere greater 
than at A and B, the 
extremities of the bear- 
ing and the effect of any 
additional increase in the 
load is to produce a 
negative pressure at A which in practice will 
produce rupture of the oil film. 

It is fairly obvious, therefore, that this 
condition is the one which obtained in Mr. 
Tower’s experiments at the instant when 
seizing ” occurred, and may be regarded 
as determining the maximum load on the 
bearing. It was possible, therefore, to obtain 
a check on the accuracy of the theory by 
calculating the distribution of pressure from 
tlie equations when the distance of nearest 
approach of the surfaces was half the difference 
of the radii, and comparing this theoretical 



Fig. 34. 


distribution with the one actually observed by 
Mr. Tower. This comparison has been carried 
out in Fig. 35, the full curves indicating the 
theoretical distribution of pressure on an angle 
base and the crosses the observations. It will 
be seen that the agreement is very satisfactory. 

The mathematical theory of friction under 
the conditions obtaining when piano or 

cylindrical surfaces supplied Avith a lubricant 
move relatively to each other has also been 
developed by Sommerfeld, Michell, and 

Harrison. As the treatment of the problem 
of the cylindrical bearing by Harrison is 
simpler than that of Osborne Reynolds, 
owing to the fact that he has assumed that 
the bearing is a complete cylinder instead of a 
half - cylinder and leads in the case of two 
dimensions to an 

exact solution, a ’’‘^irTTTTyffT 
brief account of 

the analysis is 

given here.^ 

(iii.) Harrison^ a 
Theory . — In form- 
ing the equations 
of motion of the 
film the effect of 
gravity and of the 
inertia of the fluid 
can be neglected 
compared with the 
internal stresses 
arising from the 
shearing of the 
liquid. Also, on 
account of the 
thinness of the 
film, its curvature 
can be neglected 
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Fig. 35. 


so that the same equations hold whether the 
surfaces are plane or cylindrical. In the 
equations x is measured along the moving 
surface in the direction of motion, y being 
normal to this surface. The motion is steady 
and assumed two dimensional. 

If u, V bo the component velocities at any 
point in the liquid, p the pressure, the equations 
of motion are (see p. 345,) 


o 

o 

f)?/ ^ 


( 1 ) 

( 2 ) 


where p is the coefficient of viscosity, and the 
equation of continuity is 

* * 

The boundary conditions arc 

ii = U, = where y-O-v 
-M=0, v = 0, where ?/=A/ 


( 3 ) 


(+) 


^ Transactions, Cambridge PhiJosophical /Society, 
xxii. No. 3, p. 30. 
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where h is the variable distance between the 
surfaces and is a function of x. Since the 
surfaces are nearly parallel, v will be small 
compared with u and the rate of variation of u 
in the direction oi x will be small compared 
with its rate of variation in the direction of y. 

Accordingly equations (1) and (2) become 

dx ~^dy-‘ 


oy 


-=0. 


(5) 

( 6 ) 


From (6) it is seen that p is independent of y 
and (5) is then integrable, giving 


Now from (3) 


. (7) 




therefore, substituting the value of cu/cx from 
(7) and integrating, we have 


cx\ cxj ^ ca? 


• ( 8 ) 

where is the value of A for which ?p/ca:=0. 

Let Fig. 36 represent a 
section through the shaft 
journal, and let 0 be the 
centre of the journal of 
radius a and 0^ the centre 
of the bearing, a +7? its 
radius, and let 00' =077 
where c < 1. 

Then the value of A 
can bo written A=77(l +c cos 6) where 6 is the 
angle POO'. 

Hence, writing x=a9y Ai = 7j(l +c cos ^1), we 
have 

dp _ 6fjXJac{ cos 6 - cos 0^ 
dd 77“(1 +c cos GY ’ 



Fig. 36. 


(9) 


from which 

(1-C-)^17=L' 


c sin 6 
(1 +C0S BY 


- (1 - c2)(l -}-c cos 6) 4- J(1 +c cos 


I 


(l-c= + 3(l+coos 0))|+(l-c=) *{2(l-c«) 

>.)■] 

(10) 

Now p can only have one value for any 
given value of 0, and therefore the coefficient 
of tan“^ [V(l - c)/(l +r) tan (^/2)} in the above 
equation must be zero, i.e. 

3c 4'(2 4-C-) cos ^1=0. . . (11) 

This equation determines the points at which 


- ( 1 + C cos 0i)(2 + c^)} tan-i ( ^ tarn f ^ 


{dpjdd) = 0, and substituting this value of 6^ in 
equation (10), we have 

^ p , 6/^Uac sin e{2 + c cos i9) 

^-^•" V(2 + c^)(l + ccos V-- 

It wffi be seen from this that the positions of 
niaximum and minimum pressure are equi- 
distant from the point of nearest approach, 
and the one value rises above the value of the 
pressure at that point by as much as the other 
value falls below it. The distribution of the 
pressure for values of C of 0*1, *3, and *5 is 
shown in Fig. 37. The total vertical force 



Fig. 37. 

on the journal due to the pressure acts down- 
wards through 0 and is given by 

R = / "”> sin Cade= (13) 

The total force due to the viscous drag on the 
surface of the journal must by symmetry act 
through O' and is given by 


S 


= j ’'/si 


sin GadO. 


Now 

_^r 4 6( 1 ~c2) 

77 |_l-f-c cos 6 (2 4 -c -)(1 -tc cos 6)^^ 

or S=i^^^^^r 2 ——-{]■ 

VO L (2 + c=)(l-c2)U 
Again the couple exerted on the journal is 
47riiPa^(l+2e-) 


(14) 


M= {aH9=- 

/„ ^(2 + o2)(l-c2)i 


(15) 


■' \oy/y=h ^\_h - C<x_ 


Now if /' be the viscous drag on the surface 
of the bearing 

(du\ 

Hence on the bearing the corresponding forces 
and couples are R' acting upwards through 0' 
and equal to R 

■ <■=> 

■ ■ O’) 

Now S and S' are not equal and opposite, 
but being of a smaller order than R and R' 
may he neglected. In fact it has been shown 
by Sommerfeld that a closer approximation 
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would establish, their identity. The inequality 
of M and M' is, however, an essential char- 
acteristic of the equality of the force systems 
(R, M), (R", M'), R acting at 0 and R' at O'. 
Taking difierent values of c the ratio of M 
to M' is 

c=0 -1 *4 -6 -9 

M/M' 1 1*03 1-51 2*69 13-8 

The coefficient of friction for the journal is 
given by 

M _ ^(l+2c^) 

Ra Zac 

and that for the bearing X' by 
R'a Zac 

An appreciation of these facts is of value in 
the practical determination of the coefficients of 
friction of bearings in laboratory experiments, 
for if, as is almost universally the practice, 
the friction on the bearing is determined it 
is evident that the actual coefficient of the 
journal is considerably greater than the value 
so determined unless the speed be sufficiently 
great to make c comparatively small. 

The fact that the frictional resistance of a 
journal running at constant speed increases 
slightly as the load is increased may be illus- 
trated by calculating the values of M and R 
from equations (13) and (16) for given values 
of c and assumed values of /i, U, a, and t) 


g.cn 

$V~ 


/ 






-a- 








1 












O 2 4 8 8 10 12X105 

Load gt’S. 

Txa. 38. 


and plotting the results. This has been done 
in Fig. 38 for a bearing and journal in which 

U=600 cm. per sec., 
a=2’5 cm., 

77 = *005 cm., 

the calculated values of R and M being as 
follows : 


C. 

R in Grammes. 

M in Gramme Cm. 

•1 

240,200 

4084 

•2 

480,900 

4325 

•3 

722,300 

4735 

•4 

961,500 

5319 

•5 

1,232,500 

6164 


It will bo seen that by increasing the load 
in the ratio of 5 to 1 the friction is increased 
by 47 per cent. 


The variation in the amount of the frictional 
resistance as the speed is increased, the load 
remaining eonstant, may be shown by calculat- 
ing the values of U and M from equations (13) 
and (15) for different values of c, R being 
constant. 

This has been done for the same bearing, 
journal, and lubricant as in the previous 
example, taking the value of R as 1,232,500 
grammes when c = *5. 

The calculated values of U and M are as 
follows : 


c. 

TJ Cm. p.s. 

M Gramme Cm. 

•5 

500 

6,164 

•4 

637 

6,600 

•3 

855 

7,970 

.2 

■ 1285 

10,900 

•1 

2085 

10,720 


The results arc shown in Fig. 39, in wliich 
the ordinates are the values of M and the 



abscissae those of U. It will bo seen that 
at the low speeds an increase in the speed of 
about 30 per cent only results in an incrcaso 
in the frictional resistance of about 8 per cent, 
but at the high speeds the friction is practically 
proportional to the speed. 

It should be noted that the above deduc- 
tions from Harrison’s theory — the ratio of the 
couple on the journal to that on the bearing 
and the variations of friction with load and 
speed — are based on the assumption of a film 
of lubricant which is continuous round the 
journal and in which the pressure distribution 
is symmetrical about a horizontal section 
through the axis, as in Fig. 37. No experi- 
mental investigation of the ])rcssurc distri- 
bution in a lubricated bush appears to have 
been made, but from some preliminary obser- 
vations at the National Physical Laboratory 
it would appear that such a symmetrical dis- 
tribution is not commonly obtained in practice. 

§ (28) pRIOTIONAL ReSISTANCB OU* FlAT 
Inclined Stofaces. (i.) MichelVs Theory.— 
The hydrodynamical theory of the pressure 
distribution between two flat inclined surfaces 
separated by a film of fliuid has been worked 
out by Michell,^ who has obtained a complete 
^ ZcUschrift fiir Mathematick, 1905, lii 
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Fig. 40. 


solution in three dimensions for a slide Hock 
of finite length and i^idth. The results 
obtained have recently been applied 'vvdth 
great success to the design of thrust blocks of 
marine engines, and an outline of the analysis 
may be given here. Let the plane rectangle 
ABCD in Fig. 40 represent the lower surface 
of a rectangular slide block 
moving with velocity U over 
the plane xOz, the space be- 
tween the planes being filled 
with a liquid of viscosity fi. 
U is taken as positive in the 
direction a;0, and the planes 
AG, xOz are assumed to intersect in the line 
Oz and the planes AO, xOy the line AB. The 
width of the block AT) is taken as t. Let 
A = distance between the planes at the point 
ic, y and let ^ = a;OB, the angle between the 
planes. Put 

c = sin0, 0A=a, OB=6, li — cx. 

The boundary conditions are, if _p= pressure 
of liquid at x, y, 

2 ? = 0 when x = a ov x = b iov all values of z. 
when z = 0 or z=Tr for all values of x. 

Then, precisely as in the case of the complete 
cylindrical bearing (see p. 377), it follows that 
between the plane-s AC and arOz, 2 ? as a function 
of X and z must satisfy the equation 


T^x) 0z\6ya* dz) 
6acU_ 


^ 3 dp 
dx^^x ' 0a; 3z^ 


c2a;3 


=0. 


Assuming a solution of the form 

P=Pl-^P2+Pi'^ • * • Pm, 
Wjn sin mz 


where 
and w. 


Pm^ 


ma; 


( 1 ) 


( 2 ) 


is a function of x only, we have 
^ sin mz 


Writing 7?2,a; = ^, 24/xU/TC® = fc, and equation 
(1) as 

6aU 4 

' TT 

sin 3;: 


0a;^ X ‘ 


dp d^p 
0a; 0z^ 


( sm z -h 


■3-' + 


sin mz \ 
m J 


= 0, 


the sum of the series of sines being 7r/4 for all 
values of z between o and x, we have 

sin m3 


dp dp ^ / 1 

or 


0a5 


dwm 

dt 




0a;2 


dr- 


n 


dr' 


2 

'r' 

2^\ 

H J ' 


OlOm 


^ - sm mz 

oz^ r 


( 3 ) 


the differentiation of the series term by term 
with respect to z being permissible because 
^=0 when z=0, and z=x. 

The coefficient of sin mz in equations (3) 
now becomes 

and since every such coefficient must vanish, 
d^m 


to be 

-) ( 6 ) 


The complete solution of (4) is seen to be 




3 5.32 7.52.32' 


-hB',„Ki(r) - 3r* 

+5.32^^+7.52.32^-®+ . . . ), 

where (r) and Ki(r) are the Bessel functions 
of r* Hence the value of will be 

+B„Ki(ma;) 

or 

■) 


or writing for convenience 

2 

C=^ 


we have 


= sin " CLi(mi-) } 

or 


( 8 ) 


Pm=siamZ|^ 


'\-^m m 




- CLaCmr) j 


the fiLTst form being suited for calculation 
when 7 nx is small, the second when mx is 
large. 

The coefficients are determined from the 
condition that p^ vanishes when a;=a or b 
for all values of z. 

The intensity of pressure at any point x, y 
having been determined, the total pressure 

P= j I pdxdz . . . ( 9 ) 

.0 .'O 

may be found by arithmetical or graphical 
summation. The friction per unit area at 
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any point x, o, z, precisely as in equations on 
p. 377, is given by 


/= 


/0?i\ _ 

^\dy)y^0~^"^ 2 * 0a;’ 


( 10 ) 


where U is the velocity ot the fluid in the 
direction of x at x, y, z. 

The resistance of the whole block is there- 
fore given by 




dxd>z 


& jj 

UL — dx- 
cx 


■TT »6 « 

^ . —dxdz 

a 0a; 2 




-K2b4+|.p. 


( 11 ) 


(ii.) The Resvdts of the Application of the 
Theory to Special Gases. Case 1. Square 
Bloch — length of side-rr, b —2a. — The distribu- 
tion of pressure over the block is shown in 



Fig. 41, in which the lines of equal values 
of p/0, i.e. equal values of pc^l^yX], are 
shown. For tables of the values of the Bessel 
functions required and the method of obtain- 
ing the values of the coefficients, reference 
may be made to the original paper. The 
mean pressure is found by arithmetical 
summation to be p = (Flir^)~-'02l3{ijiU/c^), 
and the position of the resultant pressure is 
•427r from the rear end of the block. The 
nominal coefficient of friction 

F 

= -^=10-83c. 

Case 11. Slide Bloch of Width equal to 
one-third of its Length, h = 2a, as before. — The 
distribution of pressure is shown in Fig. 42, 
the mean pressure is given bj^ 

= - - 00155 ^, 

o7r“ 0“ 

and the position of tlie resultant pressure is 
at *39 of the length of the block from the rear 
end. 


The coefficient of friction is 143c, or thirteen 
times greater than in the case of the square 
block. 

Case III. Slide Bloch of Infinite Width . — 
Assuming b—2a as before, the mean pressure 
is p— - -O^OQ (imUIc^), the resultant pressure 
acts at 1*433 of the length of the block from 
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its rear end, and the coefficient of friction is 
4*86 C, or less than half of that of the s(iuare 
block. 

The distribution of pressure along the 
middle line z~Trl2 in this case compared 
with that for the square and rectangular 
blocks is shown in Fig. 43, in which the 
influence of the transverse flow in reducing 
the pressure at the side is clearly brought out. 



The practical application of the essential 
conditions to secure perfect lubrication 
between two flat surfaces, indicated by the 
theory, has led to very great improvements 
in the design of the thrust blocks of marine 
engines. Previously collar - thrust bearings 
of the type shown in Fig. 44 were in use. 
These consisted of 
collars forming part 
of the shaft in con- 
tact with thrust 
washers sliding in 
grooves in the thrust 
block and transmit- 
ting the thrust of the 
propeller to it. Oil was 
admitted to the surfaces in contact through 
radial grooves cut in the thrust wasliors, but 
as the Wo surfaces were coplanar it is evident 
that no separating oil film could bo formed, 
with the result that the maximum pressure 
which could be used without seizing was of 
the order of 60 lbs. per sq. inch. The size 
and cost of the thrust blocks of large marine 
engines were therefore very groat. The first 
thrust bearing in which the theoretical condi- 
tion of an inclination of the surfaces was 
fulfilled was made by Mr. A. G. M. Micholl in 
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Australia in 1905, and since that time the 
development of this type has been very rapid- 
Fig. 45 shows a bearing on this principle 
designed by Mr. Newbigin for Messrs. Behis 
& Morcom of Birmingham for a steam 
turbine. In this A is the collar on the shaft, 
B are the segmental rubbing blocks, the backs 
of which are cut away to allow of them tipping 
through the necessary angle to the plane of 
rotation. C are spacing blocks between which 
the loose rubbing blocks are fitted. D is 
the case holding the spacing and rubbing 
blocks together. E is a washer, concave on 
one face and flat on the other, to provide 
means of automatic adjustment. F is the 
cross-piece with a convex face on to which 
the washer fits and having holes through 
which bolts pass to transfer the thrust to the 
frame of the turbine. The oil is supplied 
through a hole in the centre of the shaft S. 
This bearing was tested under a total load 
of 1500 lbs. or 500 lbs. per sq. inch at a speed 



of 1750 revolutions per minute, under which 
conditions it ran continuously at a temperature 
of 124° F. Owing to the smallness of the 
angle of inclination of the surfaces it is not 
practicable to have them fixed, and the blocks 
are pivoted about an axis passing through 
the line of action of the resultant of the oil 
pressure and the friction. In this way the 
block automatically sets itself to the correct 
inclination. Designed in this way thrust- 
bearings have been constructed which have 
run continuously with a pressure as high as 
3000 lbs. per square inch. 

IV. The Frictional Resistance of Soled 
Surfaces separated, or p.artially 

SEPARATED, BY A FlLM OF FlUTD OF 
SUCH SMALL DIMENSIONS LATERALLY 
THAT THE RESISTANCE IS NO LONGER 
DUE TO THE SHEARING STRESS IN THE 

Fluid alone 

§ (29) OiLiNESS.^ (i.) Lubrication . — In the 
cases of the frictional resistance of surfaces 
separated by a film of fluid whose motion can 
be predicted from the equations of hydro- 
dynamics, such as those discussed earlier in 
this article, it is, of course, obvious that the 

^ See article “ Lubrication.” 


resistance is entirely independent of the nature 
of the surfaces and dependent on the char- 
acteristics of the fluid, so that it may be 
assumed that, in the case of two bearings 
and journals of identical dimensions and speed 
and loaded in such a manner that the relative 
position of journal and bearing is the same 
for each, but supplied with different lubri- 
cants, the frictional resistances are proportional 
to the coefficients of viscosity of the two 
lubricants used. It has long been known, 
however, by practical engineers that trouble 
in running machinery caused by hot bearings 
can be cured by the use of certain oils whose 
viscosity was of the same order as that of 
the oil used in the hot bearing. Thus in 
the case of the heating up of the crank-pins 
of gas-engines lubricated by mineral oil it 
is common practice to substitute castor oil 
for the mineral oil, with the result that the 
friction diminishes to its normal value and 
smooth running results. Now the value of 
fx for castor oil does not differ appreciably 
from that of a good lubricating mineral oil, 
so it is evident that the former possesses some 
lubricating property apart from its viscosity. 
Although considerable attention has been 
devoted to the study of this property of 
good lubricants, no definite relation has yet 
been found between it and the other physical 
properties of the oil, and the property itself 
is somewhat vaguely referred to as “ oiliness.” 
There seems, however, to be no doubt that 
the determining factor of oiliness is the 
chemical composition of the lubricant and 
that those oils which contain a large propor- 
tion of unsaturated hydrocarbons are the best 
lubricants. An explanation of the relative 
superiority as regards lubricating value of 
animal and vegetable oils over mineral oils 
is suggested by Langmuir’s theory of adsorp- 
tion. According to this theory, the fact that 
animal and vegetable oils spread upon water 
whereas mineral oils do not is due to the 
presence of an active group in the molecule 
in the former case and its absence in the 
latter.^ The soluble glycerine ester end of 
the rod-like molecule tends to dissolve in the 
water, but the insoluble hydrocarbon end 
refuses to do so, with the result that the 
molecule stands on end and the surface of the 
water is covered with a layer of closely packed 
molecules of the animal or vegetable oil.® On 
the other hand, the mineral oils with hydro- 
carbon groups at each end of the molecule 
are inert, and spreading does not take place. 
vSimilarly, when a liquid whose molecules 
contain active groups is in contact with a 
solid surface adsorption takes place and the 

® H. S. Allen, 'Proceedings of the Pliysi-cal Society, 
Nov. 20, 1919. _ , 

® See also Hardy, “Spreading of Fluids on Glass, 
P'hU. Mog. xxxviii. 49. 
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molecules orient theinselvcs into the surface 
layer of the solid in tlio same manner. We 
may therefore regard the lubrication of sur- 
faces in apparent contact as being in the ex- 
treme case a condition in which the surfaces 
are separated by a layer of oil one molecule 
thick, resembling a i^ieco of velvet firmly 
glued to the metal with the pile outwards. 
Two such velvet- clad surfaces will presumably 
be able to glide over each other with little 
friction, and that lubricant will be the most 
efficient in which this spreading action over 
the metallic surfaces is the most complete. 
It is evident that the action here presumed will 
depend on the chemical composition of the 
surface of the bearing, and this affords an 
explanation of the well-known fact that in 
cases of lubrication in which, owing to the 
circumstances of the motion and loading, 
perfect or “ film ” lubrication cannot take 
place, the frictional resistance depends on the 
nature of the metalUc surface, with the result 
that “ anti-friction metals,” as they are called, 
are much used. Mr. Archbutt has recently 
found that under the same conditions of speed 
and nature of lubricant the lining of a bronze 
bearing with white metal enabled double the 
load to be carried. 

(ii.) Relation between tJie Lubricant and the Sur~ 
face — Deeley's Experiments. — The lubrication 
of surfaces under the conditions mentioned 
above and the determination of the coefficients 
of friction between surfaces of different metals 
in contact when lubricated with various oils 
have been investigated by Mr. R. M. Deeley, 
who has constructed a special machine for 
the purpose. In this machine {Fig. 46) three 
steel pegs each t/V inch in diameter symmetric- 
ally placed in a circle of 7 cm. diameter rest 
on the flat surface of a disc of metal which 
can he slowly rotated. These pegs are carried 
by an upper disc which can be loaded as de- 
sired and which actuates a spindle to which a 
spiral spring and recording index are attached. 
When the lower disc is rotated the upper disc 
is carried with it by means of the frictional 
resistance between the surfaces of the peg and 
the lower disc, the index recording the value 
of the torque, imtil slipping occurs. A pawl 
and ratchet are attached to the gear to prevent 
the index from moving back along the scale 
when slipping takes place. The movable disc 
on which the pegs rest lies in a circular dish 
which can be filled with oil. The mechanical 
details of the machine will be clear from Fig. 
40. In order to obtain clean surfaces of the 
disc and pegs these were ground imder water 
vitli flour of carborundum. They were then 
pob'shed vdth fine wet emery cloth, rubbed 
well in water -with a cork to remove as much 
emery as ])ossible, dried with clean blotting- 
paper, and finally heated to get rid of all 
traces of moisture. As soon as the surface 


was dry it was wotted with the lubricant to 
be tested, placed in the machine, and the 
static friction coefficient determined in the 
manner described above. 

As illustrations of the effect of the nature 
of the metals m contact and of the lubricant 
employed, the following results of experiments 
made by Mr. Deeley may bo quoted. The 



pegs were made of mild steel. One of the 
discs used was of cast iron and the other was 
a lead-iron alloy of the following composition : 


Copper .... 

. 85-88 

Tin 

. 5-71 

Lead 

. 4-00 

Zinc 

. 4-19 

Iron 

. 0-10 

Nickel 

. 0-12 

100-00 


The static coefficient of friction is taken as the 
mean frictional resistance of the peg divided by 
the load, and the efficiency of the lubrication 
is taken as 100 - (static coefficient x 100). 
Table I. gives the results obtained. 

From the results it will be soon that the 
efficiency of lubrication of mild steel on cast 
iron is higher than for mild stoel on the alloy 
for all the lubricants tested, hut that the 
amount of the difference varies with the nature 
of the oil tested, the advantage of the cast 
iron varying from 0-5 per cent in the case of 
a mineral oil used for clocks to 12 per cent 
in the case of a mineral oil used for type- 
writers. Rape and olive oils give the best 
results and the mineral oils the worst. 

It is of interest to note that those oils which 
according to the experiments have the lowest 
coefficient of friction are those which are 
generally acknowledged by engineers to be 
the best lubricants. 

The general conclusions which Mr. Deeley^ 
draws from his experiments are as follows : 

^ Phys. See. Proc., 1919, discussion on lubrication. 
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‘ Oiliness ’ appears to be an effect produced 
by the lubricant upon the metallic surfaces 
with which it is in contact rather than a 
property depending on any particular physical 
property of the lubricant. It would appear 


or as a result of abrasion forming a paste of 
metal plus oil between surfaces covered by 
oil layers one molecule thick.” 

§ (30) The N.P.L. Geae Eeficiency Ex- 
PEEOiEisTS. (i.) Lanchester's ApparatiLs . — A 


Table I 


Description of Oil.* 

Mild Steel on Cast Iron. 

Mild Steel on Lead Bronze. 

Static Coefficient. 

Efficiency. 

Static Coefficient. 

Efficiency. 

H.B. clock oil . 

. M 

0-271 

72-9 

0-275 

72-5 

Bayonne oil . . . 

. M 

0-213 

78-7 

0-234 

76-6 

Typewriter oil . 

. M 

0-211 

78-9 

0-294 

70-6 

Victory Red oil . 

. M 

0-196 

80-5 

0-246 

75-4 

F.E.E. cylinder oil . 

. M 

0-193 

80-7 

0-236 

76-4 

IVIanchester spindle oil 

. M 

0-183 

81-7 

0-262 

73-8 

Castor oil . 

. V 

0-183 

84-7 

0-159 

83-1 

Valvoline cylinder oil 

. B 

0-143 

85-7 

• • 

.. 

Sperm oil . 

. A 

0-127 

87-3 

0-180 

8M 

Trotter oil . 

. A 

0-123 

87-7 

0-152 

84-8 

Olive oil ... . 

. V 

0-119 

. 88-1 

i 0-196 

80-4 

Rape oil . 

. V 

0-119 

88-1 

i 0-136 

85-4 


* A=animal oil ; V=vegetable oil ; ]V[==iiiineTal oil ; B=blended oil. 


that the unsaturated molecules of the lubri- 
cant enter into a firm physico-chemical union 
with the metallic surfaces, thus forming a 


Dash Pot 


1 1 Universal 
Coupling 



series of experiments on lubrication, in which 
the contact of the sliding surfaces and the 
distribution of the lubricant was probably 
of the nature of that presumed in the fore- 
going discussion, has recently been carried 
out at the National Physical Laboratory. 
These experiments consist^ of tests of the 
efficiency of transmission of power through a 


Universal Coupling 


Bevel Gear Box 


Sliding Universal Joint 


(Belt tightening Gear not shown) 



To Engine Pulley I ill 

J '{ I I 



friction surface which is a compound of oil 
and metal. This solid surface would also 
appear in the case of metallic surfaces to be 
much more than one molecule thick, the oil 
either penetrating some little distance into 
the metal and altering its physical x^roperties 



Fig. 47. 

I worm-gear when using different kinds of oils, 

1 and were carried out for the Lubricants and 
Lubrication Inquiry Committee of the Eepart- 
ment of Scientific and Industrial Research. 
The testing machine was specially designed by 
Mr. P. W. Lanchester for the accurate measure- 
ment of the efficiency of power transmission 
through a worm-gear. A sketch of the machine 
is given in Fig. 47 and an enlarged view showing 
a section of the gear-box and the oil circu- 
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lating system in Fig. 48. It will be seen from 
Fig. 47 that the gear-box is supported in a 
cradle A in such, a manner that it has freedom 
of motion through a small angle about two 
axes at right angles. The worm is driven by 
the shaft B through the intermediate shaft C, 
the latter being provided with universal 
couplings at each end. In the same manner 
the worm-wheel shaft is coimected to the 
bevel box E, through the shaft D, and the 
universal couplings F, F. The load is supported 
by a bracket K fixed to the arm G, the axis 


efficiency of the gear is 100 i>er cent and the 
gear ratio 3 to 1 so that the speed of the worm 
is three times the speed of the worm-wheel, 
the torque on the worm -shaft will be one -third 
of that on the worm-wheel shaft, and there- 
fore the distance of the load from the worm 
axis will be one-third of its distance from the 
wheel axis. As the efficiency of the gear is 
less than 100 per cent, it will bo necessary to 
move the load farther from the worm axis 
in order to balance the gear-box. The calcu- 
lated distance of the load from the wnrm axis, 



Fia. 48. 


of this arm being parallel to and in the same 
vertical plane as the worm-shaft axis. The 
load is not fixed directly to the bracket but 
is carried by a slider, and by means of a sgrew 
and nut device the distance of the load from 
the axis of the arm can be varied. The 
bracket is permanently fixed to the arm and 
thus the moment of the load about the worm- 
wheel axis is equal to the load multiplied by 
the length of the arm and is always the same 
for the same load. The moment about the 
worm -shaft, however, can be adjusted by 
means of the screw-gear, there being a scale 
on the bracket giving the distance of the 
centre line of the load from tho axis of the 
arm. It will be seen, therefore, that if the 


assuming 100 per cent efficiency, divided by 
the distance of tho load to obtain a balance 
of the gear-box is the efficiency of tho gear. 
The drive is taken through the bovcl-box to 
the belt pulley M, tho latter being of such a 
diameter that it tends to drive the pulley N 
keyed to the driving shaft B at from 3 to 
5 per cent higher speed than it is actually 
making. In this way, by tho frictional slip- 
ping of the belt over the surface of tho pulley 
keyed to the shaft B, all the power trans- 
mitted through the gear, with tho exception 
of that lost in friction of tho bevel-gear and 
shaft-journals, is returned to the driving-shaft. 
The system constitutes, therefore, a power 
circuit, and all that is necessary to be supplied 
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from outside sources is the total loss due to 
the friction of the whole machine. This loss 
is supplied by a belt drive to the cone pulley P 
from a 15-h.p. petrol motor. It is arranged 
that the tension in the belt connecting the 
pulleys M and N can he adjusted over a ’vride 
range, an increase in the belt tension causing 
an increase in the pressure between the teeth 
of the worm and worm-wheel, and therefore 
an increase in the' torque. In the machine 
described the pressure between the teeth 
could be increased to a value corresponding 
with a transmission of 100 h.p. 

Fi-g. 48 shows in detail the method of sup- 
porting the gear-box. It is held by means of 
the ball-bearing CG in the cradle A, which can 
itseK rotate through a small angle by roUing 
in the ball-bearing rollers B and B. 

The lubricant contained in the tank shown 
in Fig. 48 is fed into the top of the gear-box 
by means of a rotary pump, and leaves by 
means of the pipe K, the hole in the side of 
the box being about on a level with the top 
of the worm. The temperature of the oil 
entering and leaving the gear is taken by 
thermocouples. It was estimated that in the 
experiments the absolute accuracy of the 
efficiency obtained was within 0-2 and 0*3 
per cent of the true value, and the agreement 
of the readings was within 0-1 per cent. A 
difference corresponding to 0*1 per cent in the 
efficiency could easily be detected when the ap- 
paratus was running smoothly. The gears tested 
were of the Hindley type, out by the Daimler 
Company on Mr. Lanchester’s principle, by 
means of which a high efficiency of transmission 
is secured even under extremely heavy loading 
of the lubricated surfaces. In the tests to be 
described the mean pressure on the surface 
ranged from to 2 tons per square inch, and 
efficiencies of 97 per cent were obtained 

A brief description of the results obtained 
with various lubricants may be given. 

Tty carrying out the tests it was found that 
starting with the lubricant at the normal 
temperature of the room the heat developed in 
friction at the surfaces of the worm and wheel 
was such that the temperature of the oil in the 
receiver gradually increased, thus enabling a 
consecutive series of observations to be carried 
out at gradually reduced values of the viscosity. 

(ii.) Experimental Results. — A complete 
series of efficiency tests at temperatures of the 
lubricant ranging from 15° C. to 75° C. were 
carried out on the following samples of oil : 


Mineral 

Animal 

. Vegetable . 
Fish , . 


rFFF Cylinder. 

. 4 Bayonne. 

( Victory Red. 

/ Trotter (a substitute 
■ \ for laid oil). 

fRape. 

’ \ Castor. 

. Sperm. 


The more important physical properties of 
these oils will be seen from the following 
tables giving the results of determinations 
made at the National Physical Laboratory : 


Table II 

Density and Viscosity at 20° C. 



Viscosity 

Density 

Density. 

Viscosity. 

Castor . 

7-8 

•95 

7-5 

Rape . . 

•99 

•91 

•90 

Trotter . . | 

•98 

•91 

•89 

Sperm . . 

•38 

•88 

-34 

FFF Cylinder 

22-1 

•89 

19*6 

Bayonne. 

1-8 

•90 

1-6 

Victory Red . 

12‘9 

•941 

12-2 


Table III 

Variation or fxfp with Temperature 


d 

o 

A 

§ 

Cnator. 

2 

d 

PJ 

Trotter. 

g 

m 

FFF 

Cylinder. 

o 

a 

a 

d 

victory 

Rod. 

5 


2*02 

2-42 



12-7 


10 


1-50 

1*56 

1-13 

. . 

6-40 

. . 

15 

12-75 



1 

39*39 


23-15 

20 

7*84 

•99 

•98 

’is 

22-1 

1-8 

12-9 

30 : 

4*32 

•68 

•61 

•27 

8-6 

•93 

4-5 

50 

1-08 

•35 

•29 

•15 

2-4 

•37 

1-0 


r -49 

•17 ^ 

•16 


•94 

•18 

•38 

70 

1- 

•12 

•11 

1 " 

•49 




Table IV 

Values of Flash-points, Surface Tensions, 
AND Specific Heats 



Flash- 

point 

°C. 

Surface 
Tension, 
Dynes 
per Cm. 

Specific 

Heat, 

e.G.S. 

Units. 

Castor . 

400 

37-6 

-508 

Rape 

405 

36-6 

. -488 

Trotter . . 

353 

38-3 

•483 

Sperm . 

! 300 

38-3 

•493 

FFF Cylinder 

i 500 

36-7 . 

-476 

Bayonne. 

i 375 

I 36-1 

•460 

Victory Red 

1 274 

1 38-5 

-423 


(iii.) The Critical Temperature . — In the case 
of all the mineral oils tested it was found 
that when a certain temperature of the oil 
had been reached, called the “ critical tem- 
I>erature,” the running of the gear became 
decidedly unsteady, and a marked increase 
in the rate of fall of efficiency with tempera- 
ture was observed. Experiments beyond the 
critical temperature were continued until it 
was considered that the test could not he 
carried further without injuring the gear. In 
the case of animal and vegetable oils, no 

2 g 
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critical stage was reached at temperatures 
helow 75° C., beyond which the tests were not 
carried. 

(iv.) Gonclmions , — The general nature of 
the results at a mean pressure on the teeth 
of 1-J ton i^er square inch are indicated by 
the curves in Fig. 49, of which the ordinates 
are the values of the efficiency of transmission 
and the abscissae the values of the temperature 
of the lubricant. 

It will be seen that at atmospheric tempera- 
ture the efficiencies of the four fixed oils are 
appreciably higher than those of the mineral 
oils, but that in all cases the efficiency is 
remarkably high, varying from 93*5 for the FFF 
Cylinder to 95*5 for the fixed oils. When the 
temperature exceeds 30° the extreme range in 
the efficiency is not so large as at 20°, and 
this relative performance is maintained up to 
about 47° G., at which the critical point of 
the Bayonne oil is reached and its efficiency 


absolute viscosity of the lubricant instead of 
temperature. It will be seen that throughout 
there is no indication that the frictional resist- 
ance of the gears is even approximately pro-' 
portional to the viscosity of the lubricant 
employed, as would be lihe case if the surfaces 
were separated by a film of oil of measurable 
thickness. This conclusion is strikingly veri- 
fied in the comparison of the results for Castor 
and Trotter oils. At 40° C. the viscosity of 
Castor oil is approximately six times that of 
Trotter, hut in the tests at this temperature 
the frictional resistances wore approximately 
the same. As regards the effect of pressure, 
it was found that there was an appreciable 
increase (2 per cent) in efficiency obtained by 
raising the pressure from 1*5 to 2*0 tons per 
square inch, and further there was an increase 
of 1 per cent in the efficiency by raising the 
speed of the worm -shaft from 500 to 1500 
r.p.im 



Fig. 49. 


falls rapidly. The critical point of the Victory 
Red oil is not so well defined, but would 
appear to be approximately 50° C. The per- 
formance of the FFF Cylinder, however, 
remains remarkably constant up to a tem- 
perature of 17° C., when a very rapid break 
in the behaviour of the oil was noted, and the 
efficiency, fell, as in the case of the other 
mineral oils. The behaviour of the Si^erm 
oil was somewhat abnormal, as the efficiency 
appeared to form continuously from 20° to 
60° and then remained steady. There was, 
however, no sign of a critical point having 
been reached. There can bo no doubt that 
the relative superiority of the fixed oils is 
due to the absence, within the range of 
temperature obtained, of a critical point. 
The fact that the critical points of two of 
the mineral oils were reached at a tempera- 
ture of 50° C. would have an important 
bearing on their practical value as lubricants, 
since such temperatures are not uncommon 
in internal combustion engines and turbine 
lubrication. 

In Fig. 50 are exliibited the results of the 
same series of tests plotted on a base of 


(v.) Fjfects of Mixture . — As practical experi- 
ence showed that the lubricating value of a 
mineral oil could be increased by adding a 
certain proportion of animal or vegetable oil 
to it, some experiments on various mixtures 
were made. It was found that the addition of 
Rape oil in any proportion to the mineral oils 
did not appear to increase the efficiency very 
appreciably — a.n increase of 0*2 per cent was 
noted — but the critical temperature of the 
oil to which the addition of Rape was made 
was raised considerably. This effect of raising 
the critical temperature could be obtained with 
the addition of as small a quantity of Rape 
as 2J per cent, and increasing this amount up 
to 25 per cent did not appear to make any very 
marked improvement as regards changing the 
critical point. The general effect of varying 
the percentage of Rape oil added to a mineral 
oil is shown in Fig. 51. Experiments were 
also made on the effect of adding Castor oil 
in various proportions to a mineral oil, and 
similar results to those observed in the case 
of Rape were obtained. To determine whether 
the • beneficial effect of adding the fixed oil 
to the mineral oil was due to tho fatty acids 
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contained in the fixed oil, the following com- 
parative tests were made : 

(1) Tests on Bayonne oil alone. 

(2) Tests on Bayonne oil with 10 per cent 
of acid Rape added. 

(3) Tests on Bayonne oil to which 10 per 
cent of Rape oil, from which the fatty acids 
had been removed, was added. 

(4) Tests on Bayonne oil to which 1-0 per 
cent of Rape oil fatty acids had been added. 

The results are shown in Fig. 52. It will be 
seen that the effect of adding 1 i)er cent of 
fatty acids to the Bayonne is to produce a 
marked improvement in the efficiency and to 
raise the critical point from 47° C. to 57° G. 
The addition of the Rape oil from which the 
fatty acids had been extracted produced, on 
the other hand, practically no improvement. 
The general results of the tests may therefore 
be taken as confirmatory of the hypothesis 
that the fatty acids in the fixed oils are the 
main factors in the relatively greater lubri- 
cating efficiency of these oils. 

A series of experiments was also under- 
taken to determine the effect of adding 
deflocculated graphite to the oils. This is 
a special preparation of graphite in a finely 
divided state which when mixed with oils 
forms a colloidal mixture called “ Oildag,*’ 
from which the graphite cannot be separated 
by mechanical means. The general effects 
of adding Oildag to the lubricants was as 
follows : 

Trotter and Rape. — General lubricating 
efficiency unaffected by the addition. 

Castor, — small rise (about 0*5 per cent) 
in the efficiency due to the addition was 
obscrved- 

Bayonne. — The temperature efficiency curve 
did not show the characteristic critical point, 
the efficiency falling gradually with rise of 
temperature up to 80° C. 

FFF Cylinder. — A small increase of effici- 
ency (0*2 to 0*4 per cent) due to the addition, 
and a rise of the* critical point from 72° C. to 
00° C. was noted. 

Victory Red, — The critical period was 
smoothed out and a rise in the efficiency of 
about 0*5 per cent was noted. 

The general results showed that the addition 
of the Oildag was to reduce appreciably the 
differences between tbe mineral oils and to 
bring their lubricating efficiencies to nearly 
the same value. 

Oildag appears, therefore, to have the effect 
of rendering an inferior mineral oil as good a 
lubricant as a superior one in that it not only 
raises the lubricating value of an inferior oil, 
but considerably reduces the rate of faU of 
efficiency which usually occurs at tempera- 
tures above the critical value. 

(vL) Tests on the Addition oj FlaTced Graphite 
to the Lubricants. — The results of the use in 
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the testing gear of a mechanical mixture of 
oil and graphite in a finely divided state was 
also tried. In these experiments the graphite 


The results broadly indicated that the 
addition of graphite to the oils tested has a 
small but appreciable beneficial efiect on their 



was maintained in suspension in the oil by 
the churning action of the pump and gears, 
but when the test was stopped it settled out 
and was deposited on the surfaces of the gear 
and casing. 

The results of the tests showed that the 
effect varied with the nature of the oils used. 
In the case of the Trotter and Bayonne oils 
a marked improvement in efficiency due to 
the addition of the graphite was found, but 


the Castor and Victory Red oils were not 
materially affected. In the FFF Cylinder oil 
the critical point was raised by 18° C. 

It was observed, however, that the rate of 
wear of the worm-wheel was considerably 
greater with the flaked graphite than when 
normal oils or normal oils with Oildag were 
used. 


lubricating properties, but it is not certain 
that this would be the case with all oils. 

V. The Friction of Dry Solid Suri-aoes 
§ (31) Laws of Friction.— As would bo 
expected from the imperfect knowledge of the 
molecular and molar actions which take place 
at the surfaces of separation of solid bodies 
in contact, the nature of the surface action is 
still obscure and, in consequence, the so-callecT 
laws of solid friction 
are largely empirical. 
Further, it is now re- 
cognised that these laws 
are only rough approxi- 
mations owing to the 
fact that the experi- 
ments upon the results 
of which they are based 
were, for the most part, 
made on surfaces which 
were not clean and were 
usually contaminated by 
the presence of some 
fluid moisture, the pres- 
ence of which materially 
affected tlio frictional 
resistance. 

In the case of two 
solid bodies in contact 
over a surface the com- 
ponent of any external 
force tending to cause 
relative motion of the 
two bodies by sliding over this surface is 
exactly balanced by the frictional resistance 
between the surfaces up to a certain limiting 
value of the external force, and if this value 
is exceeded, sliding of the bodies takes place. 

The fundamental law of solid friction is that 
this limiting value of the frictional resistance 
is a definite fraction of the normal force with 
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■which, the surfaces in contact are pressed 
together. 

Coefficient of Friction: Angle of Repose , — 
The value of this fraction is called the co- 
efficient of friction/, and depends on the nature 
of the surfaces. For example, in Fig, 53 let 
XY be the trace of the surface of contact, 
and let P, inclined at an angle <p to the normal, 
be the resultant force 
exerted on one body 
by the other body. 

Then the force -with 
■w^hich the bodies are 
pressed together is 
P cos 0 and the lateral 
force tending -fco make 
them slide over each other is P sin 0. Now 
by the law of solid friction P sin 0 cannot 
exceed P cos 0 without sliding taking place, 
and therefore at the instant of sliding 



Fig. 53. 


P sin 0 =/P cos 0 
or /=tan 0. 

It follows, therefore, that the greatest angle 
of obliquity of the resultant pressure to the 
normal to the surfaces is the angle whose 
tangent is the coefficient of friction. This 
angle is called the angle of repose, and a know- 
ledge of its value for various substances is 
important in the design of engineering 
structures. The following table is commonly 
used by engineers, and is based on that drawn 
up by General Morin after very extensive 
investigations : 

Table I 



/. 


Dry masonry and brick- 1 
work J 

0-6-0-7 

31°-35° 

Timber on stone ... 

About 0-4 

22° 

Iron on stone . . . 

0-7-0-3 

35°-16*6° 

Timber on timber 

0-5-0-2 

26°-5-ll° 

Timber on metals 

0-6-0-2 

3i°-ir 

Metals on metals . . 

0-25-0-15 

i 14°-8°-5 

Masonry on dry clay 

0-51 

27° 

Masonry on wet clay 

1 0*33 

18° 

Earth on earth . . . 

1 0-25-1-0 

14°-45° 


When once sliding has taken place the 
frictional resistance may retain the value 
which it had at the instant sliding began, or, 
as is commonly the case, its value may be 
appreciably reduced and take up a value which 
depends on the relative velocity of the surfaces. 
It will be clear, therefore, that between the 
surfaces of solids in contact there may be two 
kinds of friction, <1) the frictional resistance 
before sliding takes place, and which may have 
any value up to the limiting resistance dejpend- 
ing on the normal pressure and the coefficient 
of static friction, and (2) the frictional resist- 
ance when sliding, in which the coefficient of 
friction may be smaller than the statical 


coefficient, and which may also depend to 
some extent on the motion. 

§(32) Static Friotiox. — The subject of 
static friction is of considerable importance 
in the theory of the stability of engineering 
structures, and has received much attention 
on account of its -wide application in civil 
engineering practice. In the design of struc- 
tures consisting of masonry and brickwork, 
it is assumed that the pieces are in con- 
tact over the plane surfaces which constitute 
the joints, and that the mortar or cement used 
for bedding the surfaces together is incapable 
of resisting any forces other than compression 
and friction. It is obvious, therefore, that an 
essential condition for the stability of the 
structure is that the obliquity of the pressure 
should at no joint exceed the angle of repose 
for the materials. 

As an illustration of the application of the 
data of Table I. the 
stability of the 
buttress in Fig. 54 
may be calculated. 

This is supposed 
to be made of 
strong brickwork, 
weighing 112 lbs. 
per cubic foot of 
the dimensions 
given in the cross- 
section, and of a 
uniform -width of 
5 feet. The but- 
tress has to sus- 
tain two inclined 
thrusts applied -bo 
it at the points in- 
dicated, the upper 
one being the thrust of a roof principal which 
is 5 tons, inclined at an angle of 30° to the 
horizontal, and the lower one the thrust of an 
arch which is 8 tons, inclined at an angle of 
15° to the horizontaL It is evident that the 
joints which are most liable to slide are GH, 
where the thrust of the roof is applied, and 
the joint immediately below the point of ap- 
plicatiort of the arch-thrust ■which is at EF. 
If these joints are secure the stability of the 
others need not be investigated. Considering 
the joint GH, the la-beral force tending -to cause 
sliding is 5 cos 30=4*32 tons. The weight of 
the buttress above GH is 21*6 -tons, which, 
added -bo the vertical component of the thrust, 
gives a total normal pressure on the joint of 
24-1 tons. The maximum resistance to sliding 
may be calculated from the value of / for 
brickwork, which from the Table in § (31) is 
seen to be *6, and is therefore 14*4 tons, or 
more than three -times the actual lateral force. 
The joint is therefore safe. 

Again, taking the joint EF, the total 
lateral force on the buttress above EF is 
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5 cos 30+8 cos 15 = 4-32 + 7-75 = 12-07 tons. 
The weight of the buttress above EF is 44-3 
tons, wMch, added to the vertical components 
of the two thrusts, gives a total normal press- 
ure on the joint of 48*8 tons. The maximum 
resistance to sliding is therefore -6 x 48-8 or 
29*3 tons, or more than twice the lateral force 
due to the thrust. The buttress is therefore 
safe as regards lateral movement. To complete 
the investigation it would, of course, be neces- 
sary to consider the resistance of the buttress 
to overturning or crushing at any joint. 

§ (33) The Feictional Stability oe 
Eaeth.^ — A structure of earth, whether pro- 
duced by excavation or embankment, pre- 
serves its figure partly by the friction between 
its grains and partly by means of their mutual 
cohesion. It is by cohesion that a bank of 
earth is enabled to stand with a vertical face for 
a few feet below its upper edge, whereas friction 
alone would make it assume a uniform slope. 

The cohesion of earth is, however, gradually 
destroyed by the action of air and moisture, 
so that its friction alone is the only force which 
can be relied upon to produce permanent 
stability. Tt is therefore customary to treat 
the stability of a mass of earth as arising wholly 
from the mutual friction of the grains, and to 
take as the basis of all investigations on 
stability the principle that the resistance to 
displacement by sliding along a given plane 
in a loose granular mass is equal to the normal 
pressure exerted between the parts of the mass 
on either side of that plane multiplied by 
a specific constant. This constant is the 
coefficient of friction of the mass and is the 
tangent of the angle of repose. 

Now in a granular mass any plane whatever 
may he considered as a plane joint, and hence 
it follows that the condition for the stability 
of a granular mass is that the direction of the 
pressure between the portions into which it 
is divided by any plane should not at any 
point make with the normal to that plane 
an angle greater than the angle of repose. 

Again, it follows, from a consideration of 
the •distribution of internal stresses in a solid, 
that the plane at any point of it on which the 
obliquity of the pressure is greatest is perpen- 
dicular to the plane which contains the axes 
of greatest and least pressure, so that the 
pressure of greatest obliquity and the greatest 
and least pressures are all parallel to one plane. 
The relation between them may therefore, 
be obtained from the stress ellipse of a body 
subject to pressures parallel to one plane, the 
equation of which is P^=a2 sin^ a + 6^ cos^ a, 
where P is the stress on a plane whose 
normal is inclined to the axis of y at an 
angle a, and a and b are the maximum and 
minimum stresses. Thus, in Fiq. 55, let 
OA=«, OB =6, and let zz be a plane whose 
^ See B-ankine^s Avplied Mechanics, p. 212. 


normal malies an angle 9 with OM where OM 
represents the stress on zz. The angle MOQ 
therefore represents the obliquity of the stress 
on zz. Also, if R is the middle jjoint of I^Q, 

PQ=a-6, RP=BQ=EM=^, 

and evidently the angle MOQ is a maximum 
when RM is perpendicular to OM, and then 


Maximum angle of obliquity = sin" 


(I ■\'b^ • 


andin that case OM^ = {a + 6/2)^ -{a- = ab, 

or stress on 22 : = ^/ ab. 

Again, for any value of the obliquity, wo 
have, if OM=p, 




p cos 9, 



y 

■ 

+\- 



X a\ t /i 



Pig. 


or —ab=p^ — (a + b)'pQo^9, 

which gives the relation between the maximum 
and minimum stresses and the stress whose 
obliquity to the plane 
on' which it acts is 9. 

Now in the case of a 
mass of earth whose 
upper surface is either 
horizontal or inclined 
to the horizontal at a 
definite angle, it is 
clear that on any plane 
parallel to the surface, 
and whose depth below 
the surface is small compared with the lateral 
dimensions of the surface, the pressure is 
vertical and of a uniform intensity equal to 
the weight of the vertical prism standing on 
unit area of the given plane. 

Further, it follows that the stress on any 
vertical plane parallel to the horizontal trace 
of the first plane must he in a direction 
parallel to this plane, for considering the 
equilibrium of a small prism 
ABCB {Fig. 66) whose centre 
is at 0 and whoso faces are 
paraUel to XOX and YOY, 
it is evident that the forces 
exerted by the other parts of 
the mass on the faces AB 
and CD are directly opposed 
and that they are inde- 
pendently balanced. The 
forces on AC and BD arc therefore independ- 
ently balanced, which cannot bo the case unless 
their direction is parallel to YOY. Stresses 
related in this manner are said to bo conjugate 
stresses, and it is evident tiiat their obliquities 
to the planes on which they act arc the same. 

If, therefore, we consider in Fig. 55 another 
stress p' which is conjugate to p, i.e. 9' ^9, wo 
have 

2 ■~2cos~(y’ 2 



Pig. go 


//p + p'\2_ 

V \2cos^/ 


pp. 
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Also, if 0 be the maximum obliquity, it follows 
tliat, since 

. , a-h 

sin (b~ 7 , 

^ a + 6 ’ 

(y> + _p 0 ^_cos 2 ^ 

~^cos2 

i.e. ‘p and p' are the roots of the quadratic 
- 2P cos d + cos^ p =0, 

p' cos 6 - \'cos^ 8 - eos^ <p 
or = j==^^. 

V cos ^ + N, COS" 8 - COS" <p 

x^ppl^ung this condition to the equilibrium 
of a mass of earth in which one conjugate 
plane is a plane parallel to the surface of the 
earth and at a depth h below it, it is evident 
that the pressure per unit area of this plane is 
wh cos 6, where w is the weight per cubic foot 
of the earth and 8 is the inclination of the 
surface to the horizontal. The pressure on 
the other conjugate plane, which is vertical, 
is, as we have seen, parallel to the surface, 
but as regards its magnitude it may be either 
the greater or the smaller of the two con- 
jugate pressures ; i.e., calling this conjugate 
pressure p, the value of p may be either 

, ^cos 0 - \/cos^ 8 - cos^ <p 
wh cos 6 , ^ 

COS^-h \/ COS^ 8 - CQS^ <p 


or 


, ^COS^H- \^C0S^^- 008^0 

wh cos 6 7 — „ 

cos 6 - voos^ 6 - cos^ (p 


To find which value to take in any special 
case, recourse is had to a statical principle 
known as Moseley’s Principle of Least Resist- 
ance, which is stated as follows.^ If the forces 
which balance each other in or upon a given 
body or structure be distinguished into two 
systems called respectively active and passive, 
which stand to each other in the relation of 
cause and effect, then will the passive forces 
be the least which are capable of balancing the 
active forces consistently with the physical 
condition of the body or structure. 

This proposition may be regarded as self- 
evident, since the passive forces being caused 
by the application of the active forces to the 
body or structure will not increase after the 
active forces have been balanced by them, 
and will therefore not increase beyond the 
least amount capable of balancing the active 
forces. 

In a mass of earth loaded with its own 
weight the gravity of the mass is evidently 
the active force and the lateral pressure the 
passive force, and, therefore, the latter will 
have the least value which is consistent wdth 
the conditions of stability. In the case, 
therefore, of a bank of earth with a plane 
upper surface, the pressure parallel to the 


1 Rankine’s Applied Uechanws , p. 215. 


steepest declivity on a vertical plane at a point 
distant h below the surface is 


, ^ cos 9 - Jcos^ 8 - cos^ d) 

wh cos 8 ■: 

cos 8 -f \ cos^ 8 — cos^ <p 

or, if the ground surface be horizontal, 


luh 


1 - sin ^ 
1 -!- sin 


To find the resultant pressure against a 
vertical plane of depth H below the surface 
it is evident that, since the pressure is directly 
proportional to the depth, w'e may apply the 
ordinary rules of hydrostatics, from which the 
centre of pressure is two -thirds of the total 
depth from the surface and the resultant force 
is 

.cos 6 - Jco5^ 8 - cos^ p 

— 5 — . cos 6 ====—• 

cos ^ cos^ 6 - cos- <p 


§ (34) Case oe the Supporting Power op 
Earth Foundations, (i.) Theory . — ^In the 
case treated above the conjugate pressure 
was caused solely by the vertical pressure 
due to the weight of earth above the point 
considered, and its value was therefore the 
smaller of the two conjugate pressures. 

It is evident, however, that this conjugate 
pressure may be increased beyond this least 
amount by the application of the pressure of 
an external body — for example, the weight 
of a building founded on the earth. In this 
case the conjugate pressure will be the least 
which is consistent with the vertical pressure 
due to the weight of the building, and if that 
conjugate pressure does not 
exceed the greatest con- 
jugate pressure consistent 
with the weight of the earth 
above the stratum on which 
the building rests, the mass 
of earth wall be stable. The 
most important case in 
practice is when the surface 
of the ground is horizontal. 

Thus, in Fig. 57, let p be 
the intensity of the pressure 
on a horizontal stratum due 
to the weight of the building. Then the 
horizontal conjugate pressure p', being the 
passive force, is given by 



Pig. 57. 




1 - sin 
^1 - 1 -sm (p 


The effect of p' is to cause an upward thrust 
on the earth immediately above the footings 
of the foundations, and calling this p" , then 
since p'^ is also a passive force, 

„ ,1 - sin 0 

^ =^’rTi50- 

Now p’' = wh, where w is the weight per cubic 
foot of the earth and A is the depth of the 
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foundation below the surface of the ground, 
and therefore 


Table II 
Dry Sand 




( 


1 + sin _ 
1 - sin 07 


wh 


I + sin 0 \ ^ 
I — sin0/ 


It is evident that, if Ji has a less value than 
that given by this relation, there wiU be a 
tendency for the building to sink into the 
ground by forcing the earth upwards. 

h, therefore, is a minimum value to the 
depth of the foundations. 

Again, if the depth is such that there is a 
tendency for the earth f>ressure to overcome 
the pressure due to the weight of masonry, 
as in the case of the floor of a dock before 
the water is admitted, then is the active 
force, and 



The value of h determined from this relation 
gives a maximum which cannot be exceeded 
vdthout danger of the masonry being forced 
upwards. 

In applying tliis formula it must be remem- 
bered that by hypothesis the lateral extent 
of the mass of earth is large compared with 
the depth. When this is not the case, as in 
the region at the back of a retaining waU, the 
frictional resistance of the wall will affect 
the pressure distribution. It has been shown 
by Boussinesq ^ that at a distance x from 
the face of the retaining wall, if 6 he the 
angle of friction between wall and earth, and 
02 = 1 -sin 0/1 + sin 0, then for x less than 
all the 




Horizontal pre53nre = - 


, w[li + X tan d) 

Vertical pressiir6=-j^^^^^--^^ • 


The ratio of the pressures is as in 
Rankine’s theory. When u; = 0 the horizontal 
and vertical pressures become wha^jl + a tan 
whll + a tan 6, and the tangential force on the 
face is evidently wha^ tan djl + a tan 6. 

(ii.) Experimental Verification . — The limits 
of accuracy in practice of the Rankine formula 
has been the subject of several very careful 
experimental investigations, and it has been 
found that provided the material is perfectly 
free from moisture the accuracy is remarkably 
high. Thus in some experiments by Wilson ^ 
on dry sand, the following results were obtained 
from direct observations of the ratio of the 
pressures, and by calculation of the ratio 
from the observed angles of repose of the 
sand. 

^ Minutes of Proceedings Inst. O.B. Ixv. 214. 

“ Proc, Inst. CioU Engineers, 1901-2, cxlix. 



Ratio of PresHiu-os. 


Maxiiimni. 

Miniuinm. 

Moan. 

By Rankine theory 
By experimental | 

0-339 

0-29G 

0-320 

measurement of V 
the pressures J 

0-336 

0-305 

0-319 


In these experiments the values of the 
angle of repose wore obtained in two ways, 
one by placing the sand in a heap and subject- 
ing it to vibrations until the surface had taken 
up a definite slope, and the other by placing 
the sand in a box with a sliding end which 
was opened gently after tapping. The ex- 
treme variation in tho value of the observed 
angle of repose by these methods was from 
30“*0 to 32° 53'. 

The pressures were obtained by i^lacing 
the sand in a cast-iron cylinder llj inches 
in diameter, 14 inches deep, provided with 
movable pistons at the top and bottom ends, 
the pistons being compressed between tho 
platens of a 100-ton testing machine. In 
this* way pressure equal to that due to a depth 
of 1341 feet was obtained. The instrument 
used for measuring the pressure consisted of 
two steel discs of 3 inches diameter, separated 
by a ring, and containing mercury, tho dis- 
placement of which due to the pressure was 
noted. By placing this alternately parallel 
to, and at right angles to, tho direction in 
wiiich the external pressure was applied, it 
was possible to determine the ratio of tho 
two externally applied pressures which gave 
the same displacement of the mercury and, 
therefore, the same pressure on the gauge. 
From tho fact that the relation between the 
load and gauge indications for any position 
was a linear one, it followed that the ratio of 
the two loads was equal to tho ratio of the hori- 
zontal and vertical pressures for the same load. 

§ (35) Effect of Moisture on tee Stab- 
ility OF Earth. — It is well known that the 
effect of moisture is to increase the cohesion 
and hence the stalulity of earth and sand. 
This is due to the surface tension of tho 
film of water separating the grains, tho amount 
of the traction depending on tho amount of 
moisture. It was found by Wilson that, 
commencing with sand initially dry, the force 
< between the grains increased with tho per- 
centage moisture up to a certain i)oint and 
then decreased, but so long as tho interstices 
were not entirely filled with water there was 
still some tractive force, and hence tho ratio 
of horizontal to vertical pressure should bo 
less than that for dry sand. On carrying out 
a series of experiments on sand containing 
varying percentages of moisture in tho aj)par- 
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atus described above, Wilson fully verified 
these conclusions, the ratio of the pressures 
corresponding to the varying degrees of 
moisture being as follows : 


Table m 
Wet Sand 



Percentage of "yater. 

0. 

6. 

12. 

17. 

Mean ratio of hori- | 
zontal to vertical i 
pressure J 

•319 

•221 

•212 

•280 


It is of interest to note that the minimum 
value of the ratio is obtained when the 
interstices are half filled with water. It is 
clear, therefore, that in the design of masonry 
dams or retaining walls to withstand earth 
pressure, the use of 'Rankine’s formula with 
a value of the angle of repose determined 
from experiments on the dry material will 
give a result which is on the safe side. 

§ (36) The Kinetic Friction of Dry 
Solid Surfaces. — As mentioned above, when 
once sliding has commenced between the 
surfaces of two bodies in contact, there is in 
the majority of cases a sudden fall in the 
amount of the frictional resistance so that the 
coefficient of kinetic friction for two substances 
is usually less than the coefficient of static 
friction. Je n kin and Ewing ^ have shown that 
for hard substances such as steel on steel the 
two coefficients are e<][ual, but when one or 
both surfaces are of relatively softer material, 
such as brass or greenheart, the coefficient of 
kinetic friction is less than that of static. 
They also found that when the two co- 
efficients difier, the change, at low speeds at 
any rate, is not instantaneous at the instant 
at which relative motion begins, but^ takes 
place gradually and without discontinuity. 
Cases have been noted by Kimball in wnich 
the coefficient of kinetic friction is greater 
than that of static friction. Leather on cast 
iron appears to be an instance of this.^ A 
marked falling oS in the value of the coefficient 
of kinetic friction as the relative speed of 
sliding is increased appears to be a umversal 
characteristic of dry sliding surfaces. ^ There is 
also in many cases a further progressive faU in 
the value of the coefficient with time which is 
probably due to the abrasive action of the sur- 
faces tending to produce greater smoothness. 

(i.) Experiments on Brake Blocks . — ^Both of 
these characteristics are noticeable in the 
results of Captain Galton’s® experiments on 
the frictional resistance of cast-iron brake 
blocks on steel waggon wffieels, as will be 
seen from Table IV . 

1 PMl. Trana. R.S. clxvii., Part ii. 

^ Engineering, xxv. 469. 


Table IV 


Relative Velocity 
of Brake and WUeel 
in Miles per Hour. 

Coefficient of Friction. 

First 3 
Seconds. 

5to7 

Seconds. 

12 to 16 
Seconds. 

24 to 25 
Seconds. 

60 

•062 

•054 

•048 

•043 

50 

•10 

•07 

-056 


40 

•134 

•10 

•08 


30 

-184 

•111 

•098 


20 

•205 

•175 

•128 

•07 

10 

-32 

•209 



5 

•36 

-• 


•• 


A similar reduction in resistance due to 
increase of speed was found in Captain Galton’s 
experiments on the frictional resistance of 
locomotive driving wheels on steel rails. 
These results are shown in Table V. 


Table V 


speed 
in M.P.H. 

Coefficient 
of Friction. 

Speed 
in M.P.H. 

Coefficient 
of Friction. 

.. 

•11 

38 

•057 

15 

-087 

45 

•051 

25 

•08 

1 60 

•04 


It may be remarked that sim i l ar speed 
effects in the case of , locomotive driving 
wheels on steel rails was found by M. Poiree, 
but the actual values of the coefficients were 
about twice those given in the table. This 
difference was probably due to the state of 
the atmosphere during the trials, which is 
known to have a considerable effect on the 
frictional resistance. A common set of rules 
for driving wheels in different conditions is 
as follows : 

Rails very dry — ^frictional resistance 600 lbs. 
per ton. 

Rails very wet — ^frictional resistance 550 lbs. 
per ton. 

Rails in ordinary English weather — ^frictional 
resistance 450 lbs, per ton. 

Rails in foggy weather— frictional resistance 
300 lbs. per ton. 

Rails in frosty and snowy weather — ^frictional 
resistance 200 lbs. per ton. 

(ii.) Friction of Woven Fabrics . — ^In recent 
practice the use of metal as a material for the 
friction surfaces of the brake blocks of railway 
carriages and the clutches of motor vehicles 
has' been in many cases discontinued owing 
to the discovery that woven fabrics can be 
made which, when used as linings^ for brakes 
and clutches, give a higher coefficient of fric- 
tion with greater dissipation of heat without 
burning and sparking, and have a much 
greater durability than can be obtained 
with metals. 

One of these materials is known as the 
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Ferodo fabric, which, consists of layers of 
woven asbestos bonded together in a special 
manner. 

In an extensive series of tests at the National 
Physical Laboratory the following results were 
obtained : 


Material. 

Pressure 
Lfis./Sq.. In. 

W ork absorbed in 
Ft.-lbs./Sq. In. 
per Minute at 
1000 Ft. per Minute. 

Ferodo fibre . 

60 

39,000 

Ferodo bonded'! 



asbestos com- V 

60 

18,000 

pressed j 


15,500 

Standard . 

50 


The value of the coefficient of friction 
obtained and the work absorbed with Ferodo 
fibre at difierent speeds are given in Table VI. 

It is claimed that the average life of Ferodo 
blocks on the cars and trailers of the London 
Electric Railway is respectively 12,000 and 
22,000 miles as against 8000 for cast-iron blocks. 
With cast iron at £6 per ton, the economy 
per block per 1000 miles is given as 0-75 pence. 
As many as 600 brake applications are made 
by each train per day, the average speed, 
including stops, being 17*17 miles per hour. 


and the average mileage per set of blocks per 
car being 10,416. 

The deceleration averages 5 feet per second 
per second as against 3 feet per second per 
second with metal block. With this increased 
deceleration services have been speeded up 
to IJ-minute headways during “ rush ” hours. 
The more rapid braking of the trains has 
also led to a higher percentage of coasting 
minutes, the tests showing that coasting is 
as high as 38 per cent of the total running 
time. 

Notwithstanding this high rate of braking, 
there has been an entire freedom from accidents 
to passengers, and there is also a very consider- 
able improvement in the tyres, the surfaces of 
which are highly pohshed, and there is an 
entire absence of cutting and scoring. The 
economy in this respect is shown by the fact 
that Ibe mileage of motor wheels provided 


with Ferodo brake blocks is approximately 
35,600 per r^^-inch radial wear of the tyrx* 



blocks. 

An illustration of the application of the 
fabric to a clutch is shown in Fig. 58. 

§ (37) The Trahsmtssion of Power by 
Friction, (i.) Belts . — One of the most con- 
venient methods of the distribution of power 
from a central supply to a number of small 
machines is by means of 
belt or rope drives from 
pulleys on a lino o^-^afting 
driven by the primv mover, 
to corresponding pulleys on 
the various machines. 
When the pulleys are at 
rest and no power is being 
transmitted, the tensions 
on the two sides of the 
belt are equal; but when 
the driving pulley com- 
mences to rotate, slipping 
of the surfaces of tho 
pulleys over tho surface of the belt is pre- 
vented by friction, and rotation of the driven 
jmlley consequently takes place. Tho relation 
between the tensions 
the belt and the co- 
efficient of friction of 
the belt on the surface 
of tho pulley may be 
found as follows ; 

Let 0 in Fig. 59 be 
tho whole arc of con- 
tact of tho belt over tho 
pulley. Consider any 
element ds of tho arc 
of tho belt of which 
the tensions at the ends ace T and T4-5T. 
Then if dO be tho angle subtended by ds at 
tho centre, wo have resolving along tho radius 

(T + 5T) sin + T sin = R, 


Table .VI 

Tests on Ferodo Fibre 


Pressure 

Coefficient of Friction. 

Work absorbed in 
Ft.-lbs./Sq. In. per Minute. 

Lbs./Sq. In. 

Speed (Ft. per Minute). 


Speed. 



GOO 

2900 

6500 

600 

2900 

5500 

16 

•73 

*64 





27 



'56 



80,000 

29 

■70 

*63 


12,000 



39 


•64 



70,000 



on tho two sides of 
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the normal pressure of the element of belt ds 
on the surface of the pulley. Thus R=T50. 

Also resolving perx^cndicular to the radius 

(T+ 5T) cos ~ — Tcos ~= Friction =;aR=$T. 

We have therefore dT=fj^~fiI.dd, whence 
by integration over the whole arc of contact 
Ti/T2=e^^^. 

For leather belts working on iron pulleys 
fj, has been found to range from 0-3 to 0*4. 
For wire rope running at the bottom of a 
grooved pulley A common value 

for 6 in the case of leather belts is 2-5 radians. 
Taking p(, = 0-3 this ^ves T1/T2 — 2, or the 
tension on the tight side is twice the tension 
on the slack side. For approximate calculation 
of the size of a belt to transmit a given horse 
power T16W/2 X 33,000 = H.P. transmitted 
where V is the velocity of the surface of the 
pulley in feet per m i nute, b is the breadth 
and t the thickness of the belt in inches, and 
Ti is the maximum working tension of leather, 
which may be taken as equal to about 320 lbs. 
per square inch. 

(ii.) Effect of Slipping . — Belts are not used 
in cases in which a very exact velocity ratio 
between the driving and driven shafts is 
essential, on account of the tendency of the 
belt to slip over the surface of the pulley. 
There is also a definite amount of slipping 
which follows as a consequence of the elasticity 
of the belt. The amount of this slipping may 
be estimated as follows. The actual mass of 
the belt which passes any fixed point either 
on the tight side or the slack side in unit 
time is the same. Let be the length of 
this mass when the tension is zero, and let b, t 
and E be the breadth, thickness, and modulus 
of elasticity of the belt. Also let T^^ and Tg 
be the tensions on the tight and slack sides 
of the belt. Then on the tight side the length 
passing any fi^ed point in unit time \vill be 
Zo(l4-Ti/feiE) and on the slack side the 
corresponding length will be Zq (1 + T2/6ZE), 
and it is evident, therefore, that these numbers 
will represent the velocities of the belt on the 
tight and slack sides, i.e. the velocities on the 
two sides will be in the ratio of {l + TJbtEi) 
to (l + T^lhfE). Fui-ther, it is easy to show 
that the velocity of the surface of the driving 
pulley must be equal to that of the tight side 
of the belt, and that the velocity of the surface 
of the driven pulley must be equal to that of 
the slack side of the belt. Thus the belt 
comes on to the surface of the driving pulley 
at tension T^ and leaves it at a lower tension 
Tg. It has therefore contracted while in 
contact with the pulley, and it is evident that 
the nature of this contraction must he a slip 
against the frictional force exerted by the 
pulley, with the result that the belt continu- 
ally slips over the surface of the pulley to the 


point where it first makes contact. In the 
same manner the belt comes on the driven 
pulley at a tension T2 and extension takes 
place gradually from the point at which con- 
tact begins to the point at which it leaves. 

Now the work dehvered to the driving pulley 
is (Tj-Ta) (velocity of surface of driving 
pulley) and the work communicated to the 
driven shaft is (T^ - Tg) bt x (velocity of surface 
of driven pulley), i.e. the efficiency of power 
transniission=(l-l-T2/6zE)/(l+ Tj^/^ZE), or ap- 
proximately 1 ~ (Ti - Tgj/izE. 

Ex . — ^The value of Yomig’s modulus for leather 
is approximately 20,000 lbs. per sq. in. Ass u mi n g 
Ti=2Tj, which will be the case when the coefficient 
of friction is about 0-3 and that the maximam 
workmg tension of a leather belt is 320 lbs. per sq. 
itu, we have 

Efficiency of transmission =1 — '016=98-4 per cent. 

The amount of slip is therefore 1 -6 per cent. 

(iii.) Friotion Drive . — Another instance of 
the transmission of power by friction is seen 
in the attempts which have been made to 
substitute a friction drive for the ordinary 
spur gear arrangements commonly adapted 
in motor cars to obtain variable and reverse 
speeds. This has been successfully carried 
out in the weU-knovTi “ G.W.K.” motor car, 
in which the friction gear takes the form of a 
metal disc driving a fibre-faced w'heel at right 
angles to it, the speed variation being obtained 
by varying the distance of the centre of the 
fibre-faced wheel from the axis of the metal 
driving disc. Reversal of direction can, of 
course, be obtained by moving the driven 
wheel to the opposite aide of the disc axis. 

In the case of the “ G.W.K.” car the driving 
disc is fixed axially, while the driven wheel, 
which is capable of being moved along its 
shaft to obtain the various gears, is pivoted 
at one end and pulled towards the driving 
disc hy means of a spring at the other end. 
This is so arranged that the contact pressure 
between the two friction elements is lightest 
on top gear and increases as the gear ratio 
is lowered. This method has an obvious 
advantage over one in which the pressure 
between the wheels is constant at ah speeds, 
since the amoxmt of the pressure must be Jfixed 
to give an adequate frictional resistance at 
low speeds, and this means that the top gear 
on which 90 per cent of the running is done 
is used with a pressure between the wheels 
about three times in excess of what is nece^ry. 

The coefficient of friction between the fibre 
material and the polished steel disc used in 
the “ G.W.K.” car is about 0-5. It is found in 
practice that it is safe to allow a periphei-al pull 
on the driven wheel of 100 Ihs. for each inch 
width of the frictional material irrespective 
of speed. 

It is claimed by the makers of the “ G.W.K.” 
car that frictional transmission, in the case 
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of cars up to 10 or 12 h.p., has considerahle 
advantages over the ordinary gear-box in that 
it is much more simple to drive and the cost 
of replacements due to unskilful handling and 
ordinary v^ear is much smaller. 

§ (38) Rolling Friction. — T he resistance 
to the motion of wheels and rollers over a 
smooth plane has sometimes been attributed 
to the inaccuracies of the surface, and it has 
been supposed that if these were removed, the 
resistance would entirely disappear, provided 
that both roller and plane were made of elastic 
materials and the load on the roller were not 
sufScient to cause permanent deformation of 
either surface. It was no doubt some hypo- 
thesis of this kind which led the earlier experi- 
menters on the subject to denote tbe relations 
which they obtained by the term “ laws of 
resistance to rolling.” 

The researches of Oshome Reynolds ^ have, 
however, shown that in all cases in which 
surfaces roll over each other, an appreciable 
amount of slipping of the surfaces over each 
other takes place and it is the frictional 
resistance to this 

Q slipping which con- 

stitutes the resist- 
ance to rolling. 

This may be seen 
as follows : Since 
no material is per- 
fectly hard, when 
Fio. CO. a heavy roller rests 

on a surface, the 
weight of the roller will cause it to indent the 
surface, and the surface of the cylinder wiU 
flatten out as shown in Fig. 60. It is evident, 
therefore, that when rolling takes place the dis- 
tance rolled through the roller in one revolution 
wiU not be the circumference of its undisturbed 
surface. For example, suppose that an iron 
cylinder rolls on an indiarubber surface across 
which lines have been drawn at intervals of 
0-1 inch, and that as the cylinder rolls 
across these lines the surface of the rubber 
extends so that the intervals become 0-11 
inch, closing up after tbe cylinder is past. 
Then the cylinder measures its circumference 
on the extended plane and the actual distance 
rolled through will be one-tenth less than the 
circumference. Hence if, following Reynolds, 
we agree to call the distance which the roller 
would roll through if there were no extension 
or contraction, its “ geometrical distance,” 
then, in the case above, the cylinder rolls 
through less than its geometrical distance. 
On the other hand, if we have an indiarubber 
roller rolling on a steel surface and the surface 
of the roller extends 10 per cent in passing 
over the iron surface, it is evident that the 
roller will pass over a distance in one turn 
10 per cent greater than its circumference. 
^ See Phil. Trans. P.S. clxvi. 


It must not be supposed, however, that, if 
the roller and the plane are of the same material 
these effects will balance each other. In the 
case of the flat surface the effect of the matoiials 
surrounding a depression will be to stretch the 
material in the depression still further, whereas 
in the case of the rounded surface with a 
small flat on it the material surrounding the 
flat will compress the material in the flat and 
decrease its lateral expansion. The magni- 
tude of this latter effect will, of course, depend 
on the smallness of the diameter of the roller. 
There are thus two independent causes which 
affect the progress of a cylinder which rolls 
on a plane, the relative softness of the materials 
and the diameter of the roller. These two 
causes will act in conjunction or in opposition 
according to whether the roller is harder or 
softer than the plane. Thus an iron roller 
on an indianibber plane will roll through less 
than its geometrical distance, and an india- 
rubber roller on an iron piano will roll through 
a distance more than, less than, or equal to 
its geometrical distance, according to the rela- 
tion between its diameter and softness. 

(i.) Slipping and Rolling. — The precise 
nature of the slipping action which takes place 
during rolling is somewhat complicated and 
is best studied after a 
preliminary considera- 
tion of the relatively 
simpler cases of the 
deformation of a soft 
elastic material between 
two parallel plates Pio. oi. 

which approach and 
recede from each other without tangential 
motion. 

Let Fig. 61 represent the section of a block 
of indiarubber between the two plates when in 
the non -compressed state, and suppose the 
section to be marked with a series of vertical 
lines at equal in- 
tervals apart. 

Let the plates 
approach each 
other, compress- Fro. G2. 

ing the rubber, 

which expands laterally. If there wore no 
friction between the rubber and plates the 
section would remain rectangular as in Fig. 02 
and the lines would still be equidistant. If, 
however, there be a 
frictional resistance 
between the rubber 
and plates which 
resists the lateral ex- 
pansion, the section 
will bulge in the middle as shown in Fig. 63. 
The effect of the friction on the spacing of the 
lines will be that up to a certain distance, such 
as or, from the centre of the section, the friction 
will be sufficient to prevent slipping and, there- 
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fore, up to this point the ends of the lines will 
preserve their original distances apart. Beyond 
the extremity of or slipping will commence 
and will go on increasing to the edge of the 
section. From r outwards, therefore, the 
distance between the ends of the lines wiU 
continually increase. 

If now the surfaces gradually separate again, 
the lines between o and r wiU assume the 
same forms which they had at corresponding 
points of the compression, but since the 
portion beyond or has been extended by the 
compression, it will 
have to contract and 
the friction between 
the surfaces will op- 
pose this contraction. 
Hence the liues be- 
yond or which during 
compression were curved outwards will gradu- 
ally straighten and curve inwards as shown 
in Fig. 64. 

It is important to note that during these 
two actions the smaller the coefhcient of fric- 
tion the greater will be the expansion of the 
lines during compression, and that as the work 
spent in friction during separation depends 
on the amount of this expansion, the work 
wiU obviously increase up to a certain point 
as the coefficient of friction diminishes. 

In both of the above cases it will be seen 
that the directions of slipping on opposite 
sides of the centre are opposite to each other. 
In the case of a roller, however, it is evident 
that the material immediately in front of the -i 
centre of the surface of contact is being com- 
pressed and that behind it is being expanded. 
This action may be approximately represented 
in the case of the two plates with rubber 
between them by supposing the upper plate 
AB to have been first 
inclined towards C, so 
that the material under 
A was compressed and 
then inclined towards D 
so as to raise the end A, 
thus causing a compres- 
sion under B and an expansion under A. The 
sectional lines will therefore assume the form 
shown in Fig. G5, and it is clear that the slip- 
ping on each side of the centre now takes place 
in the same direction. This shows that in the 
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action of rolling the whole of the shpping is in 
the same direction and tends to oppose the 
rotation. It is this slipping against the fric- 
tional resistance between the surfaces which 
gives rise to the resistance to the motion of 
the roller, and hence, as Reynolds showed, 
the correct denomination of the resistance is 
‘‘ rolling friction.” The analogy of the action 
of the indiambber between the two plates 
with the case of a cylinder rolling in a plane 
surface is not, however, exact, as there is the 


important difference that in the latter case it 
is not the entire surface of a bar which is being 
compressed and expanded but a portion of a 
continuous surface in which, whatever lateral 
extension may exist immediately under the 
roller, must be compensated by a lateral com- 
pression immediately in front and behind it. 

The nature of the deformation caused by an 
iron roller moving over an indiambber plane 
may be shown as follows. In Fig. 66, which 
represents a section through the cylinder and 
plane surface, the lines on the indiarubber 
are supposed to represent lines initially ver- 
tical and at equal distances apart. The motion 
of the roller is towards B, and or and or' limit 
the surfaces on which there is no sUpping. 
C and D are the limi ts of the surface of contact 
and beyond these points the rubber is laterally 
compressed owing to the lateral extension of 
the material under the roller. The lines in 
this region are, therefore, less than their 
natural distance apart. From D to r the 
material is being compressed, slipping is 
taking place, and the lines are convex out- 
wards. From r to r' there is no slipping, hut 
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Fig. 66. 


from r' to C expansion with slipping is taking 
place and the lines are concave outwards. It 
is clear, therefore, that the distance apart of 
the lines from r to r' will depend on the amount 
of the lateral compression from D outwards, 
and it is quite possible that this may be such 
that the distance between the lines from r to 
r' may be equal to the natural distance, in 
which case, as we have seen, the roller will 
roh through its geometrical distance whatever 
the actual slipping between Dr and Cr'. 
According to Reynolds this is what actually 
takes place when an indiambber roller rolls 
on an iron plane. The actual slipping is 
obviously equal to the difference between the 
intervals between r and r', and the intervals 
at I) or C, and will always be greater than 
the loss of geometrical distance rolled through. 

From the foregoing examination of the 
action of rolling, the importance of the dis- 
tinction between the real and apparent slip 
in aU cases of rolling contact is clearly 
brought out, the apparent slip being defined 
as the difference between the circumference 
of the roller and the distance moved through 
by its centre in one revolution. 

An explanation is also offered of the well- 
known fact that in general the lubrication of 
roller bearings is not attended with any bene- 
ficial effects in the way of increase of efficiency, 
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but may aGtua.lly cause a loss of efficiency. 
Thus referring to Fig. GO it is clear that if the 
coefficient of friction is very great r and r' 
■will coincide with D and C and there would 
be no sh 2 :)ping, and hence no work would be 
spent in friction. On the other hand, if the 
coefficient of friction were zero, r and r' would 
coincide with 0 and there would be no friction 
and no work spent in overcoming it. There- 
fore the work spent in friction is zero for two 
values of the variable which is the coefficient 
of friction, and since it is positive for all inter- 
mediate values it must pass through a maxi- 
mum value. Hence for some position of r 
and i.e. for some value of the coefficient 
of friction, the work spent in friction is a 
maximum. 

The above conclusions have been verified 
by Osborne Reynolds by direct experiment, 
for the details of which reference may be 
made to the article cited. In particular it 
may be mentioned that the experiments 
showed that a hard roller on a soft surface 
rolls short of its geometrical distance, whereas 
a soft roller on a hard plane rolls more than 
i'ts geometrical distance, and that when both 
roller and plane are of equal hardness the roller 
rolls through less than its geometrical distance. 

§ (39) The Practical Application op 
Rolling Friction in the Design op Meohan- 
LSM. — In recent years the loss of energy due 
to friction of the journals and thrust collars 
of mechanism has been greatly reduced by the 
use of ball and roller bearings. Contrary to 
expectation the insertion between the cylin- 
drical bearing surfaces of mechanism of one 
or more rings of hardened steel balls running 
in hardened steel grooves or races so arranged 
that the sliding action is replaced by the 
rolling of the balls in the races has proved 
highly successful under heavy loading. As 
the effect of a design of incorrect type is likely 
to prove disastrous in practice, a brief account 
of conditions to be fulfilled and errors to be 
avoided may be gathered from the following 
illustrations of baU bearings which have been 
tried in practice with varying degrees of 
success.^ 

(i.) Ball Bearings . — One of the earliest types 
is shown at A, Fig, 67. This was formed of 
a hardened steel sleeve with a V or rounded 
groove fixed to the shaft, the outer races 
consisting of two conical rings screwed into 
the casing by means of a fine thread, with 
the idea that the races could bo adjusted for 
wear. Since the wear of the race takes place 
only on the loaded side it is obvious that any 
adjustment of this kind would be fatal to 
true running of the shaft. 

This fault was remedied in the design B in 
which the races consisted of two conical rings 
screwed on the shaft, _ the outer stationary 

^ Goodman, Proc. I7ist. Aiit. Fug., 1913-14, vUi. 


portion being made flat. In this case the 
adjustable ring was always rotating and, 
therefore, the wear was fairly even all round 
and adjustment was possible, although, as 
experience has shown, quite unnecessary. 

Later two plain races as shovm at 0, with 
a cage to keep the balls in position, were found 
to be successful, the final evolution of the race 
being shoTO at D where the races are grooved 
to a radius of about that of the ball. 

In the design of ball thrust hearings the 
races of the early typos were made with 45° 
grooves as shown at E. The running of this 
type was very unsatisfactory, with much 
scratching of the balls. The substitution of 
a flat surface for one of the grooves as at F 
was an improvement but not altogether satis- 
factory. It was found, however, that balls 
running between two flat rings with a cage G 
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Fig. 67. 

to hold the balls ran quite satisfactorily. This 
design was still further improved from the 
weight-carrying point of view by substituting 
grooves of slightly greater radius than the 
ball, as in H. For certain purposes, however, 
the flat race is to be preferred, since, if there 
is any chance of the shaft getting out of line 
with its housing, there is less likelihood of 
trouble in heating and vibrarion. A high 
degree of accuracy in the manufacture of balls 
for ball bearings is very oasontial. For 
example, in the case of balls half an inch in 
diameter, Professor Goodman has found that 
a distortion of one-thousandth of an inch 
corresponds with a load of about 130 lbs. of 
the ball. Hence, if one of the balls in a thrust 
bearing is one-thousandth of an incli larger 
than the others, that ball will have about 
130 lbs. more load upon it than the others, 
and probably failure will occur. 

In the Skefko ball bearing {Fig. 08) the 
surface of the outer ring is spherical, with tlie 
centre at the axis of the shaft. There are two 
grooves on the inner ring, which can bo tilted 






FRICTION 


399 


to one side to allo’^’f the balls to be slipped 
into position, which is a considerable advantage. 

There is the further advantage 
that such a bearing can be used 
on a shaft which is moving out 
I of truth. These bearings are 
particularly applicable to the 
case of motor ears and aero- 
planes where the framing is 
not very rigid. 

(ii.) Safe WorMng Load in a 

Ball Bearing. — From- the re- 

Fio. 68. suits of his experiments, Pro- 
fessor Groodman has been led 
to adopt the following formula for calculating 
the maximum working load on a ball bearing : 



W = 


hnd^ 

ND+Cd’ 


where W = maximum working load in lbs., 

?i=the number of balls in the bearing, 
=the diameter of the ball in inches, 

N =the revolutions per minute, 

D=the diameter of the ball race in 
inches ; the diameter being 
taken from the point of contact of 
the ball vith the inner race in 
a journal bearing, and from the 
centres of the balls in a thrust 
bearing. 

The constants C and h are as follows : 


For thrust bearings — 

c. 

Flat races . . 200 

Hollow races . 200 

For journal bearings — 

C. 

Flat races . . 2000 

Hollow races . 2000 


k. 

500,000 

from 1,000,000 to 

1.250.000 

k. 

1,000,000 
from 2,000,000 to 

2.500.000 


A comparison between the friction of an 
ordinary white metal bearing and that of a 
ball bearing is shown in Fig. 69. It wiU be 
seen that in the 
case of the white 
metal bearing the 
starting effort is 
very much greater 
than the normal re- 
sistance after it has 
been running for a 
considerable time. 
With ball bearings 
the reverse is the 
case, and this, apart 
from the limiting 
ratio of the resist- 
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piQ, 69. anoes, is an addi- 

tional reason for 
the use of hall bearings in machinery which 
stops and starts frequently. 

For very large bearings, in which the loads 


are correspondingly high, it is customary to 
replace the balls by hardened steel rollers. 
The difficulties in obtaining satisfactory 
running are greater in these bearings than 
where halls are used, on account of the end 
thrust of the rollers brought about by very 
slight inaccuracies in the machining. A 
slight amount of end thrust in a roller hearing 
may increase the frictional resistance tenfold. 
Various devices to obviate end thrust, such as 
the insertion of a hardened steel ball between 
the ends of the roller and the 
face of the housing, have been 
tried, hut without any great 
success. 

One of the most successful 
roller bearings which have been 
recently brought out is illus- 
trated in Fig. 70. In this the 
roUer runs in a hardened steel cJstrjunBqfsh^t, 
rectangular groove ground in the 
sleeve with great precision, and 
after an extensive series of tests on it Professor 
Goodman states that this is the only roller 
bearing which, in his experience, is practically 
free from end thrust. 



VI. The Relation betw’tien Friction and 
Heat Transmission in the Case of the 
Motion of a Fluid over a Surface 
HAVING A Temperature differing prom 

THAT OF THE FlUID 

§(40) Heat Transmission, (i.) Theory.— 
The heat interchange between a solid surface 
and a fluid in contact with it, for a given 
difference of temperature between them and 
apart from radiation effects, will evidently 
be proportional to the rate at which the fluid 
particles are carried up to the surface, i.t. to 
the diffusion of the fluid iu the neighbourhood 
of the surface. This diffusion may be either 
(1) molecular, i.e. the diffusion of the molecules 
in a mass of fluid at rest, or (2) molar diffusion, 
by means of the movement of small portions 
of the fluid in the form of eddies. The trans- 
mission of heat by molecular diffusion con- 
stitutes what is known as the thermal con- 
ductivity of the fluid, and that by molar 
diffusion is usually denominated heat con- 
vection. Now in the case of a fluid moving 
over a surface in laminar or streamline 
motion, there is no molar diffusion between 
adjacent streamlines or laminae, and, there- 
fore, any transmission of heat to or from the 
surface in a direction normal to the stream- 
lines must take place by thermal conductivity. 
On the other hand, when the motion becomes 
turbulent, it is evident that the eddies con- 
stitute the mechanism by means of which the 
heat is transmitted. 

In § (25) it has been shown that in the 
motion of a fluid over a surface there is always 
a thin layer at the surface which is in laminar 
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motion wlien the general motion of the fluid is 
turbulent, and if the surface he hotter or colder 
than the fluid it is clear that the heat trans- 
mission between layer and surface will take 
place by means of conductivity, and between 
the outside of the layer and the mass of the 
fluid, by eddy motion or convection. In 
Part I. of this article dealing with “Vis- 
cosity,” §§ (1), (2), it has been shown that 
in the case of laminar motion the transfer 
of momentum between adjacent layers which 
constitutes the phenomenon of viscosity is 
effected by the internal diffusion of the fluid, 
and further that in the case of turbulent 
motion the corresponding phenomenon of 
mechanical viscosity is due to the mass diffu- 
sion brought about by the eddy-making 
and turbulence. It would appear, therefore, 
that the mechanism by which the transfer 
of momentum which constitutes frictional 
resistance and that by which the transfer 
of heat Ls brought about is essentially the 
same whether the motion be laminar or 
turbulent. 

The probability of this effect was first 
pointed out by Osborne Reynolds ^ in 1874 in 
a paper on the heating surfaces of steam 
boilers. In this paper Reynolds described 
an experiment in which, by blowing air through 
a hot metal tube, the probable accuracy of his 
theory was demonstrated by the fact that the 
temperature of the issuing stream of air was 
approximately independent of the speed of the 
air current. The method of reasoning leading 
to this conclusion may he stated as follows. 
Consider the case of a fluid moving through a 
parallel pipe of circular cross - section with 
mean velocity and let the inner surface of 
the pipe be maintained at a uniform tempera- 
ture T^. Then, neglecting the thermal con- 
ductivity effect in the thin layer at the 
boundary, and assuming all the transmission 
to take place by eddy motion, the ratio of 
the momentum lost by skin friction between 
any two sections distant dx apart, to the total 
momentum of the fluid, will be the same as the 
ratio of the heat actually supplied by the 
surface to that which would have been 
supplied if the whole of the fluid had been 
carried up to the surface. 

Thus, if dp is the fall of pressure between 
the sections, 

dT the rise of temperature between 
the sections, 

W the weight of fluid passing per 
second, 

V,„ the mean velocity of the fluid, 

a the radius of the pipe, 

the mean- temperature of the 
fluid between the sections. 

^ Prom’dinga, Manchester Literary ami Philoso- 
phical Society, IST-i. 


Then, by the above relation, 

(dp)7ra2 WdT 

W/y:V^“W(T,-T^j- 
The heat lost per unit area of the pipe is 
o- W/p.dT 
^iradx ’ 

where o- is the specific heat per unit mass at 
constant pressure, and iC R denote the skin 
friction per unit area, 

^ _ ira^ dp 
~27ra ‘ dx' 

Hence if Q be the heat transmitted per unit 
area, 

Q = . . . (1) 

y ftl 

It may be noted that there may be appre- 
ciable divergence between the above value 
of the heat transmission, and that actually 
observed, for, as Reynolds pointed out, ulti- 
mately it is by conductivity that the heat 
passes from the walls of the pipe to the fluid, 
so that there will probably bo in the result a 
coefficient where k is the coefficient of 

thermal conductivity of the fluid, the form of 
which must he determined by experiment.” 

(ii.) Experiments , — A series of experiments 
were carried out by Dr. T. E. Stanton in 1895 
with the object of testing -the accuracy of tho 
above relation.^ The fluid used was water,, 
which was circulated through thin copper 
tubes heated on the outside by moans of a 
steam jacket. The mean temperature of tho 
tube was estimated from the value of its 
coefficient of expansion and the increase in 
length, the value of the suifaco tomporature 
being then calculated from the known heat 
transmitted and the thermal conductivity of 
copper. 

In making the experiments it was arranged 
that the total rise of temperature should not 
exceed a few degrees, and should be small 
compared with the range of temperature 
between metal and water. In this way, in a 
series of experiments in which was varied, 
the value of /(/j/v) referred to above would bo 
approximately constant. Eurthor, since it ^was 
known that R=:cV„^", writing the relation (1) 
in the form 


where D is constant, tho value of n-\ could 
be obtained by tho usual inetliod of logarithmic 
plotting. 

^ On making this determination for several 
sizes of tubes, and with as largo a range of speed 
of flow as could be obtained, it was found 
that the value of n was practically identical 
with that found in the frictional determinations 
(i,e. n vfwried from 1*82 to 1-86), and hence 
^ Phil. Trans. Royal Society, Series A, cxc. 
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the truth of the relation (1) in its most im- 
portant practical aspect was fully demon- 
strated. The fact that the heat abstracted 
from a hot metal surface by a fluid flowing 
over it is, for a given difference of temperature 
between fluid and metal, nearly proportional 
to the speed at which the fluid moves over 
the surface, has been of great importance in the 
design of steam engine condensers, the radiatoi-s 
of internal combustion engines, and the heat- 
ing surfaces of steam boilers. The applica- 
tion of the Reynolds theory to the case of 
the design of surface condensers for steam 
engines has shown ^ that for a surface con- 
denser of given area of cooling surface and 
supply of cooling water, in order to obtain 
the greatest velocity of flow, the length of the 
tube should be as great as possible, and that 
the most efficient design will be secured by 
using small tubes of as great a length as is 
consistent with the extreme Hmits of frictional 
resistance to flow allowed. This condition 
can be easily fulfilled in practice by arranging 
the tubes in separate compartments, through 
which the cooling water circulates in series, 
and thus the effective length of the tube can 
be increased to any desired amount. 

It may be remarked that, if any means 
existed of determining the thickness of the 
layer in laminar motion at the boundary, a 
check between theory and experiment Vould 
be found as follows. Consider first the trans- 
mission of heat by eddy motion between the 
mass of fluid in the interior of the pipe and 
the outer surface of the layer in laminar 


where T^ is the temperature of the outside of 
the layer. 

Again, considering the transmission through 
the surface layer, we have 




( 3 ) 


where Tj, is the temperature of the surface, t 
the thickness of the layer, and I: the coefficient 
of thermal conductivity, 

- • • • (4) 


Combining (2), (3), and (4), we have 


R,7(T.-TJ 


1 ■+p{(Tfi/k — ly 


, where p ~ 


TJ. 


( 5 ) 

If, therefore, the value of p were known, it 
wmuld be possible, by experiments with a 
fluid flowing over a surface for which the 
value of Pv was alwnys known, to obtain a 
check on the theory. 

Unfortunately, no definite information on 
the value of p is at present available. From 
an examination of the criterion, due to Lorenz, 
for the steady motion of fluid between tw'o 
planes moving tangentially to each other, 
Mr, G. I. Taylor has arrived at the conclusion 
that in the case of a pipe should becorde 
nearly constant as the velocity is increased, 
and independent of the nature of the fluid. 
As regards its value, the criterion of Lorenz 
indicates that it may be approximately 0-38. 
Alternatively the value of p may be calculated 
from equation (5) by substitution of the known 


Table I 

Soexxeken’s ExPEEuansTS with Water plowing in Drawn Brass Tube 192 cm. long, 

1*7 CM. DIAMETER 


Velocity 
of Plow in 
Cm. p.s. 

Heat transmitted, 
Calories i)€r 

Sq. Cm. p.s. 

Temperature. 

Friction, 
Dynes 
per Sq. Cm. 


Value of 
E.cr(T,-Tm) 
Vm 

Value of 
p in 

Equation (5). 

Surface. 

Fluid. 

fj.o- 

132'2 

1-17 

20-65 

11-97 

57-6 

•117 

3-78 

•30 

132-2 

1-58 

75-15 

67-72 

45-3 

•347 

2-54 

•32 

100 

1-44 

26-28 

13-25 

35-0 

•120 

2-56 

•30 

100 

1-63 

67-30 

56-63 

28-5 

•290 

3-04 

•35 

61-7 

0-726 

23-35 

12-66 

16-2 

•112 

1 2-81 

•36 

61-7 

0-413 1 

70-35 

66-50 

i 11-8 1 

•341 

2-74 

■42 


Stanton’s Experiments with Water flowing in Copper Tube 46 cm. long, 

0*736 CM. DIAMETER 

296 1 

4-43 

28-2 

15-93 

29-8 

-128 

12-35 

•26 

296 I 

5-08 

51-65 

39-65 

26-0 

•217 

10-5 

-29 


motion, W'hich may be assumed to have a 
velocity U. 

Then equation (1) becomes 


Q= 


Rcr(Ti-T,„) 


. ( 2 ) 


^ Stanton on “ The Efficiency and Desi^ of Sur- 
face Condensers,” Proc, Inst. C.E., 1898-99, cxxxvi. 


values of R, (T^ - T„j), jx, and k in care- 
fully made experiments. 

Such a series of experiments have been 
carried out by Dr. A. Soenneken ^ in the case 
of water flowing through heated metal pipes, 
the results of which are given in Table I., 
together with certain of Stanton’s results. 

^ Soenneken, Konig. Tech. Hochschule Munich, 1910. 
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It •will be clear from the calculated values 
of p ill the above table that the use of the 
values of 0*38 derived from the theory of 
Lorenz will not give results greatly in error. 
The low values o-j; p found from Stanton’s 
results are probably due to tho fact that they 
wore obtained from short lengths of pipe in 
which the ratio of length to dianiotor was 
only 34, and that on this account tho moan 
thickness of tho suiface layers would probably 
bo appreciably less than that finally obtained 
at a considerable distance from the inlet. 

Reverting to eq[uation (5) it will bo aeon that 
if tho value of cr/x/^ for any particular fluid 
is approximately ecj[ual to unity, the agree- 
ment between the heat transmission given by 
equation (1) and that actually observed should 
bo fairly close if tho assumptions on which 
tho theory is based are correct. 

Now for air h — \ 

whore is tho spoeiflo boat at constant 
volume, and since 

<7 = 1 - 40 ^, 

wo have -L = l*14, 

ap 

SO that exporimonta with air slunild furnish 
a rough demonstration of tho accuracy or 
otherwise of tho extension of tho Reynolds 
theory given above. 

In some oxporlmonts made by Mr. J. R. 
PannoU ^ at tho National i^hysioal Laboratory in 
1912 tho roflulta given in Table IT. wore obtained. 


tho neighbourhood of tho l)()un(lary whicdi is 
indicated in tbo curves of Fig. 27 that no such 
discumtinuity exists and that tho two motions 
shade off into each other gradually. It is 
evident, therefore, that the matter requires 
further investigation before any reliables 
piwliction of tho amount of tho heat traus- 
missioji can bo made from a kuowlodgc'i of tho 
frictional roHistaiices of Iluid and surfaeux 
§ (41) Evi'UOdT ov Sirur'AOM RotuuiN-EHS on 
Hkat Thansmission.— A])art from ibo ])rae- 
tical value of tho theory of heat transmis- 
sidn out/linod above in giving an aecuirate 
moasuro of the imi)rovomcnt to be elTcxited in 
heat transmission by increasing ibo npcM 
of flow, tho relation also iiulhsahss a possi- 
bility of increasing tho enicu^m'.y of the trans- 
mission by increasing the coellicuent of friction 
between fluid and surhice. It is wctl known 
that by roughening the suilaeo ov(‘r winch 
fluid is in motion the frictional rcHislanc'c cun 
bo increased two or three fold, b’or (^xarnph', 
in Mr. W. Fronde’s experiments on tho 
rosistaiieo to tho tt)wing of planks in walei’, 
it was found that tho rosistaueo of a surfae.o 
similar to that of sandpaper was more than 
double that of a varnished surface xindor the 
.same conditions. In expenments at ilie 
National Xdiysieal Laboratory ibo fri{diional 
rosistaueo of brass pipt^s has Ikhmi increased 
threefold by sen'raiing the imnn* studaec by a 
Hories of sharp j-idgos productnl by a cutting 
tool. It may bo inentioiu^d, howtwtn', that 


TAHliM 11 

Know or Am in iiwatkd Huahs Pirn 4-88 om. DiAMm'Mu, (M cm. i.ono 


Velocity 
of Flow in 

lli'ufc tiunmulited, 
C.aloi’li'H per 

'lUuupi'r 

ituri'. 

Kr](dhm, 

Dynes 

ValiK' ol' 

Itado of 

Pnl(ailai,etl lli'at, 

Om. p.s. 

Sq. t)m. p.H. 

fSurftKic. 

Fluid. 

|)er Hi(. Pm. 

Vm. 

()l)S<‘rvtHl 11 ('all ’ 

1180 

•0205 

37-4 

22-5 

5-M 

•0155 

(>•70 

040 

■0102 1 

30*2 

22*7 

3dB 

■OlOO 

D-OH 

00 

00 

•0300 

43-0 

20-2 

14 -9 

] 

•0207 

0'73 


It will be soon that tho agreement Ix^twinm 
calculated and observed lieafc is not satis- 
factory, so that assuming that no serious 
errors were made in tho observations on 
which tho liguros in tho table are based, it 
would appear that the assumptions on which tho 
(^xt(md(‘d tlioory is liascd are inconsistent with 
tiro actual facts. Tho one whose validity may 
reasonably be (piestionod is tho discontinuity 
between tlici layer at tho boundary and tho 
eddying fluid whic/h is implied in the reasoning 
loading up to tho thoorcdical ociuation (fl). 

It will be clear from tho state of motion in 

‘ Patuuqi, Jiemi AdHaorn Oonmmm Aeromutieft, 
1010-17, vlli. 22. 


the ap[)liejvtu)n of tin* Pv(\vnold.s (lu'ory to I he 
ease of rougli surface's is not u priori (h'lnon- 
stralflc, since tho prc'ciso nature of tlu‘ modH’iea" 
tiou of the (hiid motion as the surface' rough- 
n('ss is imu’eased is a matter fur spi'eulation, 
and it is by no nu'ans (H'rtain thaf- an inei’t'asc' 
in surface rouglmess eorre^sponds with jin 
increase in the turbulence which is the main 
facdor in the ht'ai transmiitc'd. 

For tlie purpose' of U'sting tlu' applical)ility 
or otherwise of the Reynolds thetu’y io tiu' 
case of surface' ronghnc'SH, a stub's of ('X|)en- 
incntH wert' made at the Nalioiiai Physical 
Laboratory in 1917 on two |>ipt'S IJ ineli 
diameder, (d which one was in the smooth 
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drawn, condition in 'wliich. it was received and 
the surface of the other was roughened by 
machining w’ith a screw-cutting tool so as to 
form a double serias of sharp ridges inter- 
secting each other. The depth of the serra- 
tions was about 0*01 inch. 

In making the experiments, each pipe was 
set up in a vertical position and a current of 
water circulated through it by means of a 
centrifugal pump provided with speed regula- 
tion, so that the mean velocity of flow could 
be va-ried from about 15 cm. per second, 
slightly above the critical value, to about 
90 cm. per second. The outside of the 
pipe was wound with Eureka wire connected 
to the supply mains through a variable resist- 
ance and so arranged that the temperature 
of the pipe could he maintained at the desired 
value above the temperature of the water. 
The mean surface temperature of the pipe 
was estimated from, the extension of the 
pipe measured by an extensometer specially 
designed for the purpose. For the estimation 
of the initial and final temperatures of the 
water, thermo-jimctions embedded iu thin 
brass tubes were placed with their axes in 
the axis of the pipe at the extremities of the 
experimental length and connected to a 
potentiometer. The estimation of the flow of 
water through the pipe was ohtatned from a 
calibrated meter. The frictional resistance 
of the pipe was found from the fall of pressure 
along the experimental length. 

In order to compare the relative effects due 
to surface roughening, the ratio of the inten- 
sities of surface friction of the rough and 
smooth pipes have been plotted (Fig, 71) 
on a base of speed of flow through the pipe, 
and on the same diagram is plotted the curve 



ns. 71. 

showing the corresponding ratio of the heats 
transmitted per unit area per degree difference 
of temperature. It will be se^ that through- 
out the whole range of speed considered the 
heat transmitted from the roughened pipe 
exceeds that transmitted by the smooth pix)e 
by an amount greater than that by which 
the friction has been increased by the roughen- 
ing, so that the application of the Reynolds 
theory to the case of surface roughening was 
fully demonstrated. In applying these results 
to practice, it is important to make sure that 


the conditions of turbulence are similar to 
those which existed in the experiments 
described above. For example, from the 
characteristics of the motion of a fluid at the 
inlet of a pipe referred to in § (6) (iii-), it would 
appear probable that had the experimental 
length of pipe in the above experiments been 
placed at the inlet to the pipe instead of 
some considerable distance from it, the effect 
of roughness on the heat transmission would 
not have been so 
marked owing to 
the absence of 
turbulence in this 
particular region. 

In order to in- 
vestigate this more 
closely, a further 
research was car- 
ried out in which 
the healed surface 
represented the 
giUs of an air- 
cooled internal 
combustion engine. 

The practical im- 
portance of this 
investigation will 
he obvious from 
the fact that if an 
improvement in 
heat transmissioii 
of the order of that 
obtained in the 
roughened pipe 
could he produced in the cooling surfaces of 
aircraft engines by artificial roughening, the 
possibility of coniaderable increase in efficiency 
and saving of weight would be opened up. 

For tbiR purpo-se the apparatus shown in Fig. 
72 was constructed. This consisted of eight 
copper discs of approximately the dimensions 
and spacing of the gills of an air-cooled engine 
surrounding a cylinder of wood, and set up 
in a wind channel through which air could be 
circulated at speeds up to 00 feet per second. 
The method of rnaldng an exx>eriment consisted 
in heating the gills by a current from a storage 
battery and measuring the amount of current 
and fall of potential along them. In this way 
the mean surface temperature of the gills and 
the amount of heat abstracted by the air 
could be calculated. Observations of the 
velocity and temperature of the cooling air 
were taken at the same time. The thickness 
of the copper gills was 0*055 mm., the external 
and internal diameters being 146 and 114 mm. 
and the pitch 8 mm. 

The ronghening was made by a special pair 
of steel dies by means of which the surfaces 
were corrugated into serrations 0-5 mm. deep 
and 1*8 mm. pitch. A series of observations 
was first made on the smooth giUs. These 


- 744 m/n 




Fig. 72. 
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were then taken out ot the wind channel, 
roughened by the die? and replaced, and the 
espemuents repeated under the same condi- 
tions of wind speed, and surface temperature 
as before. 

The results of the two sets of observations 
are shown in Fig. 73, the ordinates of the 
plotted points being the heat abstracted in 
calories per second per degree difference of 
temperature between gill and air current, 
and the ahsch^sae the mean wind speed in 
cm. per second- 

It will be seen that, in complete contrast 
with the results of the pipe investigation, the 
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roughening had practically no effect on the 
heat transmisfflon, thus indicating that for 
these particular surfaces the dimension in the 
direction of flow was so limited that the 
convection of momentum to the surface was 
not more intense for a rough than for a 
smooth surface. The anticipation that the 
conditions as regards turbulence in this case 
were probably similar to those existing at the 
inlet of a parallel channel appeared therefore 
to be justified. It is probable that consider- 
able improvement in the design of the cooling 
surfaces of aircraft engines and radiators may 
yet be effected by a suitable increase in their 
frictional resistances, but further research is 
necessary before the direction in which it may 
be looked for is apjparent. 


Friction and Angles of Repose, Table of 
Coefficients. See Friction,” § (30). 
Friction and Heat Transmission, Stanton’s 
Experiments. See “ Friction,” § (39). 
Friction Drives in Mechanisms. See 

“ Friction,” § (36). 

Friction of Curved Surfaces in Fluids 
See “ Friction,” § (20). 

Friction of Dry Solid Surfaces : 

Klinetic. See “ Friction,” § (35). 

Static. See ibid. § (30). 

See also “ Lubrication.” 

Friction of Locomotive Driving Wheels. 
See Friction,” § (35). 

Friction of the Wind on tbce Earth’s 
Surface. See Friction,” § (25). 

Friction, Static, Frictional STABnirr of 
Structures. See “ Friction,” § (31). 


Frictional Drag of the Tides. See 

“ Friction,” § (24). 

Frictional Resistance of Cylinders in 
Fluids. See “ Friction,” § (21). 

Frictional Resistance of Fluids increased 
by reduction in the viscosity of the fluid. 
See “ Friction,” § (21). 

Frictional Resistance of Smooth Planks 
MOVING THROUGH A LIQUID. See “ Friction,” 
§ (18) ; “ Ship Resistance and Propulsion,” 
§§ (8)-(12). 

Frictional Resistance of Solid Surfaces 
IN Fluids measured by the velocity slopo 
at the boundary. See “ Friction,” § (22). 
Frictional Resistance of Surfaces separ- 
ated BY A Thin Layer of Fluid. See 
“ Friction,” § (26). 

Frictional Resistance of Thin Plates in 
Fluids. Experimental determination from 
changes of momentum of the fluid. See’ 
“ Friction,” § (19). 

Frictional Resistance of Woven Fabrics. 
See “ Friction,” § (35). 

Frictional Stability op Earth. See 
“ Friction,” § (32). 

Feoude Belt Dynamometer. See “ Dyna- 
mometers,” § (4). 

Feoude Water Brake. See “ Dynamo- 
meters,” § (2) (iv.). 

Feoude’ s Experiments on the Resistance 
OF Ships. See “ Ship Resistance and 
Propulsion,” § (4). 

FCTEL CALORDIETRY 

§ (1) Introductory. — The measurement of 
the calorific value of fuels is a branch of 
calorimetry which has been systematised in 
order that it may be practised by operators 
not possessed of the knowledge or experi- 
mental aptitude of the trained physicist and 
chemist. Large numbers of determinations of 
the calorific value of fuels are made daily, 
with a reasonably high degree of accuracy and 
concordance by a host of semi-skilled operators. 
The latter, however, merely follow instructions 
in the use of methods which involve the 
scientific application of fundamental principles 
of physics and chemistry to the solution of 
the problem of measuring exactly the heat 
evolved in the complete oxidation of readily 
combustible matter. The physical and chem- 
ical principles applied in Fuel Calorimetry 
are essentially identical with those applied 
in the measurement of the heat evolved in 
chemical reactions in general, and the methods 
employed are simply specialised adaptations to a 
restricted field of the general methods employed 
by the physicist in tackling the varying prob- 
lems of calorimetry presented in the pursuit of 
physical, chemical, and physiological researches. 
The broad principles and general methods of 
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Calorimetry have been dealt with in the 
article under that heading. 

§ (2) Methods and Conventions of Fuel 
Caloeimetry. — In this article the specialised 
methods applied to the measurement of the 
heat evolved in the combustion of fuel will 
alone be considered. These methods are, 
however, also of rather divergent descriptions, 
owing to the physical differences between the 
various “ fuels.” The physical differences 
referred to chiefly concern the question of the 
phase or state of the fuel, i.e. whether it is 
solid, liquid, or gaseous at ordinary tempera- 
tures. For instance, the calorific value with 
which fuel calorimetry is concerned is : for 
methane, the heat evolved by the combustion 
of gaseous methane ; for alcohol, the heat 
evolved by the combustion of liquid alcohol ; 
and for sugar or sulphur, the heat evolved 
by the combustion of solid sugar or sulphur. 
While the supplemental heat attributable 
to both condensation and solidification is 
included in the calorific value of a fuel such 
as sulphur, and that of condensation in the 
calorific value of alcohol, neither is included 
in the calorific value of methane, or other 
substance which is in the gaseous state at 
ordinary temperatures. Similarly the calorific 
value as usually determined and accepted for 
fuel expresses the heat resulting from their 
combustion when the products of combustion 
are in the state or phase in which they normally 
occur at ordinary temperatures. That is to 
say, any carbon dioxide produced by the 
combustion of a fuel is assumed to remain 
in the gaseous state, whereas silicon dioxide 
or silica would be assumed to be in the solid 
state, and water in the liquid state. 

There is, however, a convention by which 
the w’ater resulting from the combustion of 
hydrogen and its carbon compounds in fuels 
is sometimes considered to remain wholly 
in the gaseous state among the products of 
combustion, and the calorific value realised 
under this convention is termed the 7tei 
calorific value. It is less than the common 
or gross calorific value by the latent heat of 
vaporisation of the water resulting from the 
combustion of the fueL In the common 
measurements of the net calorific value of 
a fuel, a further deduction is made from the 
gross value of the sensible heat of the con- 
densed water in cooling from 100° 0. to 
ordinary temperatures. The figure thus 
obtained is the conventional net calorific 
value of the fuel, but the former figure, which 
differs from the gross calorific value only by 
the latent heat of vaporisation of the water 
resulting from the combustion, is the true 
thermodynamic net calorific value which 
should he used in calculations of the ef&ciencies 
of internal combustion engines, flame tempera- 
tures, etc. Except in the ease of uncombined 


7 hydrogen, the net' calorific value of a fuel is a 
i figure which has little real significance, because 
the uncondensable products of combustion, 
such as carbon dioxide, nitrogen, and excess 
i of oxygen, pass away at the same temperature 
as the uncondensed water vapour. In most 
uses of fuel, this temperature is considerably 
higher than that of the atmosphere, and the 
, sensible heat of the uncondensable products 
of combustion as well as the latent heat of 
I vaporisation of the water accompanying them 
I has to be determined for the particular tern pera- 
turn at w hich they are passing away whenever 
; the question of the thermal efficiency of a 
I particular application of a fuel is investigated. 

' In considering the calorific value of many 
! of the complex commercial fuels, it is necessary 
i for comparative purposes to bear in mind that 

* a certain component, e.g. naphthalene, may 
I be available in more than one state or phase. 

' For instance, in certain mixed fuels there may 
, be a small proportion of gaseous naphthalene ; 

in others a more considerable proportion of 
; molten naphthalene or of naphthalene in 
: solution, while finally naphthalene may he 
! in the solid state as a component of a mixed 
I solid fuel, or indeed in that state be used 
as a fuel without admixture. The calorific 
value of a substance such as naphthalene, 

I which is available in three states, will differ 
, according to its phase and its latent heat 
1 £>f vaporisation, of liquefaction, or heat of 
I solution in a particular medium which serves 

• as the liquid vehicle for it. The greater part 
I of the combustibles to which technical fuel 
i calorimetry is commonly applied are, how- 
j ever, complex mixtures which are used in 
j the one state, viz. solid, liquid, or gaseous, in 
i which they usually occur, and it is the calorific 
I value of the fuel in that one state with which 
I fuel calorimetry ordinarily is coneemed. 

When the fuel is a soUd, whether a simple 
substance, such as carbon, sulphur, phosphorus 
or silicon, or a complex mixture of cellulosic 
I or hydrocarbon material such as wood, coal, 
i etc., its calorific value is ordinarily determined 
I by measuring ’the heat evolved on the rapid or 
j almost instantaneous combustion in oxygen 
I of a known weight of the fuel. When the 
j fuel is a liquid which is not very readily 
i volatile, such as the higher alcohols, oil, tar, 

( etc., its calorific value is determined in sub- 
stantially the same way. "When the fuel is a 
1 gas, however, though the same method is 
I applicable, it is generally preferred to bum the 
I fuel at a uniform measured rate of consump- 
I tion for an extended period, and to measure 
j the heat evolved during the time in which 
j a known quantity of the gas is burned. If 
I provision is made for the continuous con- 
; sumption of the gas at a iimform rate, and for 
i the calorimetric device to furnish a continuous 
i record of the fluctuations in the evolution of 
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heat from the combustion of the gas, it is 
possible to produce a calorimeter ’which 
automatically registers any variations in the , 
calorific value of the gas over a long period. 
The usual methods of gas calorimetry are, 
therefore, distinct from the usual methods of 
the calorimetry of solid and liquid fuels, 
though there is some overlapping of the two 
methods in the calorimetry of the more highly 
vola’fcile liquid fuels, such as motor-spirit, 
ethyl-alcohol, ether, etc. The continuous 
calorimetry of a supply of solid fuel, such as 
coal, furnishing automatically a register of 
fluctuations in the calorific value of that fuel, 
is a problem which awaits attack, and of which 
a satisfactory solution would be of the utmost 
value in industry. Even in regard to oil fuel, 
continuous calorimetry is practically unknown, 
though the problem does not present the same 
difficulties as that of solid fuel, and a satis- 
factory solution of it is not far to seek. 

There are a number of points in fuel calori- 
metry to -which consideration must be given 
in the ease of almost all types of fuel calori- 
meters and of all classes of fuel. They may 
be classified broadly as follows : (a) Sampling 
the fuel ; (b) Weighing or measuring the 

portion of the sample on which the deter- 
mination is made ; (c) The supply of oxygen 
for combustion ; (d) Choice of medium for 
reception of the heat evolved ; (e) Ther- 

mometry, or the measurement of the rise of 
temperature of the medium ; and (/) Incidental 
heat losses and corrections. 

§ (3) Sampling the Fuel. — In general the 
sampling of fuel for determination of its 
calorific value follows the course adopted for 
sampling it for chemical analysis, hut as many 
more samples of fuel are now taken for calori- 
metry than for analysis, and often by persons 
not trained in general methods of sampling, 
a few words on it may appropriately he said 
here, though, strictly speaking, sampling does 
not fail within the scope of calorimetry as such. 

There are few materials more difficult to 
sample properly than coal and coke, owing 
chiefly to the unequal distribution of earthy 
matter, slate, etc., in the coal as won and 
supplied -to the consumer- Where coal or 
coke passes through a mechanical breaker 
which reduces aU lumps to a relatively small 
size, the procedure of sampling a large hulk 
is greatly simplified, and if J-cwt. portions 
are drawn from the outlet of the breaker at 
intervals corresponding with the passage 
through it of 5 or 6 tons, and these j-ewt. 
portions are subsequently mixed, further 
broken, quartered, the quarter broken smaller 
and again quartered, a finely broken small 
sample is ultimately obtained from which the 
final sample for the determination of calorific 
value may be ground. This procedure answers 
weU on gas works, etc., where coal is frequently 


broken before carbonisation, and coke before 
sale for household use, but the breaking of 
coal lowers its value for most other uses and 
this aid to proper sampling is not generally 
available. In such cases larger portions, 
representative of both the large and the small 
coal, must be taken from each waggon -load, 
or 5 to 10 ton lot, and these portions mixed 
to form an average sample, a quarter of which 
must be roughly broken and dealt with as 
before. Many elaborate directions have been 
issued for the sampling of coal and coke 
deliveries, but a consideration of the particular 
circumstances will generally suggest the best 
method if it is home in mind that the first 
bulk sample must be large and must be 
thoroughly mixed before the first quartering. 
Gain or loss of humidity in the course of 
sampling must also he avoided. 

The sampling of liquid fuel is relatively an 
easy matter, though, with heavy petroleum oils 
and certain classes of tar and tar oils, strati- 
fication and deposition of solid matter are 
apt to occur in storage tanks, and warming by 
means of steam coils and stirring are needed 
before the sample is drawn from the tank, 
liquid fuels fr^uently contain varying pro- 
portions of water, partly in solution and partly 
in suspension, and on this account a sample 
drawn from a single barrel is seldom repre- 
sentative of a consignment of many barrels. 
Barrels should be rolled about to agitate the 
contents thoroughly before they are sampled. 

The sampling of gaseous fuel varies greatly 
in method according to the circumstances of 
its origin and the object of the determinations 
of calorific value. Obviously if all that is 
needed is an average sample of the output 
of a producing plant, or of the deliveiy from 
storage vessels, diflerent methods will be 
followed from -those adopted i£ samples are 
required -with a -view to ascertaining the 
extreme fluctua-fcions in calorific value of the 
gas produced or delivered. It may be said 
generally, however, that fuel gas supplies vary 
more in calorific value than might be expected 
from general knowledge of the diffusion of 
gases, and of processes for generating fuel gas. 
Even town gas supplies, derived from works 
where facilities for mixing and storing appear 
ample, quite commonly show fluctuations of 
2 to 3 per cent on either side of the mean 
calorific value. Other fuel gases, such as 
acetylene produced in generators for welding 
and cutting purposes, are apt to vary still 
more in calorific value, partly owing to varia- 
tions in the purity of the raw material used, 
and partly owing to effects incidental to the 
rate of generation, etc. Fortunately a con- 
tinuous supply of fuel gas is generally available 
for calorimetry, and it is a relatively easy 
matter with the types of gas calorimeter 
I co m monly in use to make a number of deter- 
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minations, and thereby to ascertain the 
fluctuations in value of the gas, as well as to 
eliminate errors due to the taking of casual 
samples. 

§ (4) WEJGHTN'a OR MEASURrN-G THE SAMPLE. 
— ^The portion of either a solid or a liquid 
fuel used for a calorimetric determination 
will usually be weighed; but a gaseous fuel 
is co mm only measured and the calorific value 
per unit weight calculated, if required, from 
the specific gravity of the gas. The utility 
of determinations of calorific value of coal, 
coke, etc., is largely relative to that of other 
lots of smulao* fuel, and since these fuels con- 
tain more or 1^ free water according to the 
extent to which they have been exposed to 
rain (or underground water) or stored xmder 
cover, it is ^sential that the determinations 
of calorific value should be made on a dried 
sample. If the water given up in drying is 
(j^termined, the calorific value of the particular 
lot of coal or (X)ke in the condition in which 
it was when sampled can be readily calculated. 
Unl^s expressly stated otherwise, it is custom- 
ary to express the calorific value of a solid fuel 
in terms of unit weight of the dried material. 
Since many coals, when fiLuely ground and 
dried, are extremely hygroscopic, the pre- 
cautions usually taken in weighing hygroscopic 
substances must be observed when weighing 
out the portions for calorimetry. Fuel oils, 
as a rule, contain very little water, but when 
certain grades of tar, crude petroleum, etc., 
are being examined it is necessary to deter- 
mine the water present, which, moreover, 
frequently varies greatly in different samples 
taken from the same bulk. I 

Gaseous fuel is usually measured saturated i 
with water at atmospheric temperature and i 
pre^ure, and the calarific value of unit volume I 
so measured is corrected to refer to unit j 
volume in one or other of two standard ' 
conditions, viz. : (1) at 0° C., 760 mm. and ‘ 
dry, which are the normal conditions for gas ; 
measurements in scientific work, or (2) at ! 
60° Fahr., 30 inches and saturated with j 
water vapour, which are the normal conditions ; 
for the sale of gas in this country and generally j 
for technical and industrial measurements of i 
gas. The volume of gas in these conditions j 
is only one ten-thousandth less than its volume ; 
at 15° C., 760 mm. and saturated, which are ! 
the conditions in which gas is measured for 
commercial and technical purposes in most 
continental countries. 

§ (5) Supply of Oxygen for Combustiox. 
— ^The oxygen required for the combustion of 
the fuel in the calorimeter is obtained in most 
calorimeters for gaseous fuel through a supply 
of atmospheric air, but with solid and liquid 
fuel it is difficult to ensure complete and rapid 
combustion unless the oxygen is supplied in 
a more, highly concentrated form. In the 


; early calorimeters the oxygen was furnished 
by potassium nitrate or a similar salt, which 
was intimately mixed with the fuel, but with 
the advent of commercial supplies of oxygen 
' compressed in steel cylinders other sources 
of concentrated oxygen were almost entirely 
' displaced in calorimetry by the oxygen 
cylinder. Without the latter the Berthelot 
I bomb type of calorimeter could not have come 
into general use. It is possible, however, to 
dispense with compressed oxygen if it is not 
available, by using a peroxide as a source of 
oxygen- Sodium peroxide is thus used in the 
Roland Wild fuel calorimeter, but there is in 
this case a liberation of heat from the reaction 
between the products of combustion and the 
reduced peroxide, for which a deduction has 
to be made from the total heat measured by 
the calorimeter. The uncertainty as to this 
deduction with fuels of a widely different ratio 
of carbon to hydrogen militates against the 
. more general employment in industrial calori- 
metry of this convenient type of calorimeter. 

§ (6) Meditim for Receptiox of the 
EVOLVED Heat. — The heat evolved by the 
combustion of the fuel is absorbed as far as 
possible by water in nearly aU the more exact 
types of calorimeter. The high specific heat 
; of water and its universal availability are the 
chief factors in its favour, but it has certain 
j disadvanfeages which have led to the adoption 
in a few calorimeters of other liquids, or of air 
or other gas, for tfae absorption and measure- 
ment of the heat evolved on the combustion 
of the fueL It may be said broadly, however, 
that the calorimeters in which water is dis- 
placed by another liquid or by a gas are of 
special and restricted applicability. Certain 
semi-automatic and recording calorimeters dis- 
pense with water, but the majority of them 
need calibrating against a water calorimeter 
owing to uncertainty as to ths specific heat 
of the liquid or gas which is used instead of 
water. The water or other medium is con- 
tained in a glass or metal vessel or tube, by 
which and the combustion chamber or burner 
a portion of the heat evolved is retained. It 
is customary in bomb and other non-continuous 
calorimeters to determine experimentally the 
mean specific heat of these parts of the calori- 
meter, and to reckon their heat absorption in 
terms of the weight of water which would show 
the same rise of temperature if the same 
number of heat units were imparted to it. This 
is commonly known as the “ water-equivalent ” 
of the calorimeter, and has to be determined 
for each instrument. Its determination by 
I present methods introduces an uncertainty in 
the results of bomb calorimetry of nearly 
0*2 per cent. In calorimeters of the flow type 
in which a heat equilibrium becomes established, 
the analogous uncertaiaty in the results may be 
1 reduced to less than 0*1 per cent. 
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§ (7) Thekjiometby. — Tiie rise of tempera- 
ture caused by the combustion of the fuel in 
the calorimeter is usually measured by mercury 
thermometers, either used directly or used as 
reference standards to check the records of 
some other thermometrio derice. Thus the 
degree of accuracy attainable in fuel calori- 
metry generally depends ultimately on the 
sensitiveness of the mercury thermometer, 
which when all sources of error are considered 
and corrections applied cannot be much higher 
than O-rXJo^, and in most cases even with high- 
class thermometers is not, in reality, higher 
than 0*01 ^ 

The errors in thermometry in connection 
with bomb calorimetry have been fully 
discussed by G. Y. Huntly in the Journal of 
the Society of Chemical Industry^ 1910, xxix. 
917, and in the Analyst, 1915, xl. 41. Briefly, 
the capillary tube errors may amount to, but 
will not exceed, one unit of the divisions if the 
thermometer is used without special calibra- 
tion, but this may be reduced to 0*01 division 
or 0-001° by calibration in special cases. 
External and internal pressure and temporary 
depression of zero errors are negligible in the 
conditions of use of thermometers in bomb 
calorimetry. The other errors can best be 
eliminated by determining the water equivalent 
of the calorimeter with the same weight of 
water at different temperatures, and therefrom 
plotting the apparent water equivalent as a 
function of the temperature. In determining 
the water equivalent, a pure substance such as 
benzoic acid or pure cane sugar of which the 
calorific value is accurately known is burned 
in the calorimeter. 

The errors m thermometry in connection 
with flow and other calorimeters in which the 
rise of temperature measured is more than 
10° comprise many of the foregoing, and others, 
such as that for the varying length of stem 
exposed to the atmosphere, which may be 
largely eliminated by appropriate design of 
the calorimeter. While the exposure of the 
thermometer stem to the air of the room may 
conceivably in certain calorimeters account 
for an error of as much as 0*1°, it is very rare 
that the error is more than one-fifth of this 
amount, owing to the fact that the thermo- 
meter stem is usually so situated that its 
temperature is more nearly that of the bulb 
than that of the air of the room. The correction 
which would otherwise be appropriate for the 
exposed stem of the thermometer becomes 
largely merged in the general correction for 
radiation and other heat losses from the 
calorimeter itself. 


j change of zero through lapse of time. The 
artificial ageing of thermometers, though of 
! great service, is not always equally effective, 
i and is frequently neglected even with thermo- 
meters purporting to be of high grade. 

1 § (8) Incidental Heat Losses. — Radiation 

' from the instrument is, with the majority of 
! types of calorimeter* the most important of 
the incidental heat losses. In the bomb type 
' of calorimeter its effect may be eliminated 
(/.e. reduced to not more than 0-05 per cent) 
by the application of a formula, deduced from 
; Newton’s law of cooling, by ilegnault, 

I Pfaundler, and Oussoff. The following obser- 
i vations are needed : T^, the mean temperature 
I of the calorimeter, and tg, the final temperature 
j during the initial period ; t, the final tempera- 
; ture of the principal or combustion period, 

I and T', the mean temperature of the calori- 
1 meter during the final or cooling period. Then 
j if n is the number of minutes in the principal 
j period, Vg the mean loss of heat in a minute 
; during the initial period, V the mean loss of 
i heat in a minute during the principal period, 
j V' the mean loss of heat in a minute during the 
j final period, and S the sum of the minute 
i readings of the thermometer during th^ 
principal period, we find for the correction 
nY the value 

j «Vo+ + 

I For let q be the rate of loss of heat per unit differ- 
j ence of temperature between the calorimeter and the 
air, T the air temperature, h , . . the tempera- 
1 tures of the calorimeter at the ends of the first, second 
. . .nf minutes ; is equal to t the final temperature, 
i The mean temperatures during the first, second . . . 

I nth minutes are + ■ - • . + 

and by Newton’s law of cooling the loss of heat in 
: each minute is 

I 

* ? +0“ T! . 

I ‘ 

' The total loss of heat in the principal period is 
j nV. Thus adding these quantities 

nY =q[{t^ + , . . 4-R^o” 0“ ^T| 

Also since Tgis the average temperature during the 
initial and T' during the final period, 

Vo=?{To-t!, 

^ w-Vq 

5 T'-To’ 

T=To-— 

Q 

Substituting these values we have 


Thus 

while 


In all calorimetry where readings are made 
on two thermometers it is essential that the 
thermometers should he re-standardised at 
intervals of about twelve months until it is 
demonstrated thereby that there is no further 


jiV— nYo+,^_^° [S-f^(^Q-i)-nTo}. 

Huntly has pointed out {loc. cil.) that for a given 
instrument, a given class of fuel, and a constant rate 
of stirring, this formula may be simplified, because 
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these are the three conditions which determine the 
shape of the time-temperature curve, and if they arc 
constant S/’T — Tq becomes a constant which can be 
ascertained once for all. 

The foregoing formula eliminates also the 
losses due to evaporation, and the gain from 
the development of heat due to the friction 
of the stirrer. The value of the radiation 
correction can be reduced to an amount which 
may be neglected by using in the calorimeter 
water a few degrees lower in temperature 
than the surrounding air. This method of 
equalising the heat transfers to and from the 
instrument is frequently applied in continuous 
water-flow calorimeters in order to render un- 
necessary special corrections for radiation, etc. 

The heat of fusion of the ignition wire, and 
the heat of combustion of any cotton or 
collodion attached to it, are allowed for, if 
conditions are kept constant, in the determina- 
tion of the water equivalent of the bomb 
calorimeter. A certain amount of nitric acid 
is produced from the atmospheric nitrogen 
initially in the bomb, or from nitrogen (if any) 
in the fuel, and this is fairly constant for a 
bomb of given capacity used on similar fuels 
with the same oxygen pressure, etc. It will 
be responsible for a liberation of 3 to 12 calories, 
according to circumstances, and is deducted 
from the observed calorific value in all the 
more accurate calorimetric work. A little 
water is put in the bomb before it is closed, 
and this absorbs the nitric acid formed, which 
is subsequently determined by titration with 
standard alkali, and the necessary deduction 
calculated accordingly. If the fuel contains 
sulphur, the latter is oxidised iu the bomb 
wholly to the trioxide, which is absorbed by 
the water therein. It is customary to assume 
that in the combustion of fuel in grates and 
furnaces, sulphur is oxidised to sulphur 
dioxide only, and a deduction is accordingly 
made from the observed calorific value in 
respect of the additional heat developed 
in the bomb from the sulphur. The propor- 
tion of sulphur present is ascertained by a 
determination of the sulphuric acid iu the 
water contaiued in the bomb. The assump- 
tion that sulphur in fuel, e.g. coal, when the 
latter is consumed in a furnace, is oxidised 
to sulphur dioxide only is now known to be 
incorrect, as sulphur trioxide is always formed 
also — more or less according to the furnace 
conditions, etc. It is, on the whole, better to 
omit the sulphur correction, as, at least in some 
uses of a fuel, it is possible that very nearly the 
whole of the sulphur is burnt to the trioxide. 

§ (9) Details of ;MA2?3PirLATi02^. — The 
principal corrections and sources of error in 
fuel calorimetry, with the Berthelot bomb 
in particular, have been enumerated, and it is 
'only necessary in regard to determinations 
of calorific value with the bomb to refer to 


' one or two points in its manipulation vdth 
diflerent t 3 ?pes of fuels. It is usually filled 
with oxygen to a pressure of 25 atmospheres, 
but higher pressures are used with a view 
to securing complete combustion of coke, 
anthracite, and other not readily combustible 
fuels. The platinum or gold lining of the 
Berthelot Tomb is replaced in the Mahler 
and other industrial types by an enamel 
lining, which does not affect the accuracy of 
the results obtained so long as it remains sound, 
but it needs renewal from time to time. The 
capacity of the bombs for industrial use is 
generally appreciably greater than that of 
the platinum-lined Berthelot bomb, reaching 
as much as 750 c.c. as compared with 250 to 
600 C.C, for the latter. 

§ (10) Highly Volatile Liqtjlds. — The 
determination in the bomb of the calorific 
value of highly volatile liquid fuels, such as 
petrol, benzol, and, in particnlar, the motor- 
spirits produced by the cracking of heavy 
mineral oil, etc., is a problem presenting special 
i difficulties. The partial volatilisation of such 
! liquids in the bomb leads to error in the results, 

' due partly to the heat of evaporation of an 
j uncertain proportion of the substance and 
j partly to incomplete combustion of the vapour. 

I Berthelot’s method of weighing out the volatile 
) liquid in a small glass bulb which is sealed, 
or in a tiny thin-glass flask with ground-in 
stopper, and placing round this in the bomb 
a known weight of camphor, naphthalene, or 
other combustible of known calorific value, 
answers welL The ignition and combustion 
of the camphor expels the liquid, which is 
forthwith completely burnt. A less satis- 
factory alternative, also suggested by Berthelot, 
i is the use of a capsule of collodion, into which 
j the ignition wire passes, for containing the 
j volatile liquid, which is then burned without 
j the addition of camphor, etc. Some workers 
i sul^itute celluloid for collodion, 
j ‘The calorific value of highly volatile liquids 
! may also be determined, if their latent beat 
! of evaporation has been ascertained, by com- 
j bustion of the vapour in a special lamp or 
j burner in one of the forms of flow calorimeter 
} used for gaseous fuels, and this is the best 
j method when large numbers of determ in ations 
have to be made on different samples of 
j volatile Hquid, e.^. motor-spirit. 

■ § (11) Watee-plow Gas Caloeimetees. — 

i The most widely known of the early forms of 
j water-flow gas calorimeter is that of Junkers, 
I which, however, resembles in principle an 
j instrument designed earlier by Hartley. These 
i calorimeters and subsequent modifications 
i of them consist of an assembly of parallel 
I vertical condenser tubes, down the interior 
of which pass the products of combustion from 
a gas burner, while water flows upwards round 
‘ their exterior. The gas burner is in the 
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centre of the vertical cylindrical space formed 
by the annular water chamber of the con- 
denser, which water chamber extends inwards 
at the top and forms a roof over the burner 
chamber. The gas is burned at a uniform 
rate, measured by an experimental meter 
of the wet t3^, and the rate of flow of the 
water, which forms a counter current to the 
gaseous products of combustion, is also 
uniform and is measured. The difference 
between the inlet and outlet temperatures 
of the water flowing through the instrument 
affords a measure of the calorific value of the 
gas, since the quantities of water and of gas 
supplied to it in any convenient interval of 
time are known. Another form of water- 
fiow calorimeter, designed by C. V. Boys, has 
the water flowing through a continuous coil of 
tube, the heat-absorbing surface of which ia 
increased by coils of Clarkson wire or discs 
joined to it by tin or solder, while the products 
of combustion pass in a counter current 
through the annular spaces in which the tube 
is coiled- The Boys calorimeter is the stand- 
ard instrument prescribed by the gas referees 
for ascertaining the calorific value of town 
gas supplies in the United Kingdom. 

Yarious modifications of the Hartley, 
Junkers, and Boys calorimeters have been 
introduced, especially in the United States 
of America, mostly with the object of eliminat- 
ing possible sources of small errors, for which 
corrections can be readily introduced wherever 
the degree of accuracy of the determination 
in other respects warrants it. Many of these 
errors are wiped out automatically if the 
testings are made in a rcmrn of uniform 
temperature, and with the water supply to 
the instrument at a very slightly lower 
temperature than the air of the room. Since 
there is a contraction of volume on the com- 
bustion of most gases, an error is introduced 
if both the gas and the air supplied for its 
combustion are fully saturated with water 
vapour, due to the heat of vaporisation of 
the water vapour condensed from the lost 
volume being added to the heat directly 
resulting from the combustion of the gas. 
Atmospheric conditions of temperature and 
humidity in the United Kingdom are, as a 
rule, such that the results obtained with a 
gas calorimeter supplied with air which has 
not been artificially humidified need very little, 
if any, correction on account of the humidity 
of the air and the contraction on combustion. 

Errors of thermometry, as already men- 
tioned, are common to nearly aU types of fuel 
calorimeters, and can be eliminated in gas 
calorimetry by the usual precautions and cor- 
rections. Errors due to radiation and con- 
vection currents vary with the form of the gas 
calorimeter, and if the calorimeter room is of 
fairly uniform temperature, can be eliminated 


by the use of a correction factor, which varies 
slightly with the room and water temperatures. 
It can be determined experimentally for a 
particular set of working conditions. 

The errors of the calorimetry proper are 
commonly of smaller dimensions than the 
error of measurement of the gas burnt in 
the calorimeter- This measurement has ordin- 
arily a minimum error of one-third of 1 per 
cent either way, but it is quite easy to reduce 
this error to about ±0*2 per cent, which may 
he taken as the possible error in the calori- 
metry proper when all ordinary precautions 
are observed. In special conditions and with 
exceptional precautions, the aggregate error 
in gas calorimetry, including the error of gas 
measurement, need not exceed ± 0*2 per cent. 

§ (12) EECOEDmo CALORrMETEES. — Calori- 
meters for producing a continuous record of 
the calorific value of gas have been made for 
some years past by Junkers and others, and in 
the United Kingdom the gas referees are now 
required by the Gas Regulation Act to pre- 
scribe a recording calorimeter for testing 
continuonsly the calorific value of the gas 
supplied to consumers in all the larger towns. 
As a fact, however, up to the time of writing, 
no recording gas calorimeter has been approved 
as of a sufficiently high degree of accuracy and 
tnistworthiness for use in such official testings. 
The design of an instrument which will meet 
these conditions is now earnestly engaging the 
attention of physicists, and several patterns 
are already on trial. A recording gas calori- 
meter should embody means for : (1) furnish- 
ing a flow of gas to a burner at a known and 
constant rate, in terms of unit volume at 
normal temi)erature, pressure, and humidity, 
irrespective of fluctuations in the tempera- 
ture, absolute pressure, and density of the 
gas; (2) furnishing a flow of water through 
the calorimeter at a known constant rate, 
irrespective of fluctuations in its temperature 
(and of the consequent fluctuations in its 
viscosity), salinity or hardness, and content 
of dissolved gases, and (3) measuring the 
difference in temperature of the water entering 
and leaving the calorimeter, and recording on 
a sufficiently open chart the product of it and 
the factor which for the given rates of flow 
of water and gas gives the calorific value of 
unit volume of the gas. 

There are miuor points, such as the effect 
of varying humidity of the air supplied for 
combustion of the gas, which have to be borne 
in mind in the construction of an ideal record- 
iug gas calorimeter. It is a comparatively 
easy matter to design an instrument which 
will afford a fairly precise record for, say, 
24 hours, at the beginning and end of which 
period its indications are checked by personal 
observations. The problem now is to design a 
recording calorimeter which will automatically 
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Table op Caloexpic Values 



Average 
Calories 
per Kilo. 

Error of 
Determina- 
tion. Calories. 

Anthracite (dry) .... 

8,300 

+ 15 

Admiralty Smokeless Steam 


{ 

Coal (dry) 

8,250 

+ 15 

Bituminous Steam Coal (dry) 

8,000 

±15 

Bituminous Gas Coal (drv) - 

7,800 

+ 15 

Scotch Splint Coal for blast 
furnaces (dry) 

7,400 

+ 15 

Durham Oven Coke (dry) . 

7,600 

+ 15 

Gas Coke (dry) .... 

7,400 

±15 

Beat (air-dried, 20 per cent 
of water) i 

4,200 

+ 10 

Heavy Petroleum, for boiler- 
firi^ and Diesels . . . 

10,700 

±15 

Kerosene ...... 

11,000 

+ 15 

Petrol ....... 

11,100 

+ 20 

BenzcAi motor-spirit grade . 

10,000 

±20 

Alcohol (Methylated Spirit) 

6,400 

+ 15 

OoMS measured at 60“ P., 30 iru and saturaled. i 

Ccal Gas (South Metro- 

Calories 
per Cubic 
Foot. 


politan Gas Co., 1921) . j 

140 

±0-30 

Town Gas in Great Britain 
(average), 1921 . • * 

120 

+0-25 

Water Gas, uncarburetted . i 

75 

±0-20 

Mond Gas (South Stafford- 1 
shire) ! 

38 

±0-10 

Suction Producer Gas, from 
anthracite ..... 

35 

1 

+ 0-10 

Prodncer Gas, from gas-ooke 

37 

±0-10 

Oil-Gas, after compression . ! 

275 

+ 0-50 


make all necessary adjustments and give a 
trustworthy record throughout a longer period, 
say 8 or 14 days. 

§ (13) CAiOEmc Values of ceetaln 
Fctels. — The accompanying table gives typical 
or average results for the calorific value of 
samples of various industrial fuels, with the 
I approximate error of the determination by 
I the best methods and operators in the case of 
a particular example. The margin of differ- 
! ence between the calorific values of different 
i samples of the same class of fuel is, of course, 
i very much larger than this error of deter- 
1 mination. w. J. a. b. 


Fuels foe Petrol Enols^es. See “ Petrol 
Engine, The Water-cooled,” § (5). 

Fuxcjnoif, Unknown, Experimental Deter- 
mination OF, when the non-dimensional 
variables connected by the unkno'WTi 
function have been discovered by the 
method of dimensions. See “ Dynamical 
Similarity, The Principles of,” § (31). 

I Function, Unknown, 3Iore Accurate De- 
TER3IINATION OF, by dynamical similarity, 
1 in the case of heat loss from long circular 
! wires past which air is streaming. See 
! “ Dynamical Similarity, The Principles of,” 

i § (33). 

I Fusion, Latent Heat of: a term used to 
denote the quantity of heat required to 
i convert unit mass of a solid at the melting- 
I point into liquid at the same temperature, 
! See Latent Heat,” IL 


G 


Gaede Rotary Pe3IP. See “ Air-pumps,” 

§ ( 17 ). 

Gamma, the Ratio of Specific Heats of 
Gases, at constant pressure and at constant 
volnme. See *■* Engines, Thermodynamics j 
of Internal Combustion,” § (19) (iL) ; 

“ Thermodynamics,” § (15). 

GAS CALORIMETER 

§ (1) Introductory. — To measure the heat 
of combustion of gas some form of flow 
calorimeter is usually employed. The gas is 
burned at a measured rate in a special burner, 
which is surrounded by a coil of metal tubing 
through which there is a steady and con- 
tinuous flow of water. The apparatus is so | 
arranged that the products of combustion as ; 
they rise from the burner give up practically 
the whole of their heat to the water. An 
increase in the temperature of this water is 
thus produced, and by measuring this increase 
and the total flow when the temperatures have 


] become steady, the heat produced can he 
calculated. In some forms of apparatus air 
is used in place of water. 

It is necessary to wait until a steady state 
has been reached, for when the apparatus 
is fiist started much of the heat is used in 
raising the temperature of the calorimeter 
itself. The fundamental quantities which it 
is necessary to know are the rate of flow of 
the gas, the quantity of water passing in a 
given time, and the difference in temperature 
between the inflowing and the outflowing 
water. Corrections are required, as described 
in the article on “ Fuel Calorimetry,” for the 
loss of heat by radiation from the calorimeter 
and for the heat given out by the steam 
formed by the combustion in condensing to 
water. The escaping products of combustion, 
moreover, may be either warmer or cooler 
than the gas and air entering the calorimeter ; 
they may occupy a smaller volume and are 
saturated with water vapour. They may 
therefore contain a small quantity of heat 
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due to combustion, which must be added to 
that found from the flow of water, or if the 
temperature of the water is low they may give 
up heat not due to the combustion, and this 
must be subtracted from the calorific value 
found from the flow and rise of temperature 
of the water. 

§ (2) The Stajjdahd Calorhietee of the 
Gas Repebees. — ^In Fig. 1 is shown the Boys 
Gas Calorimeter, the standard instrument 
authorised for use by the Gas Referees. The 
calorimeter is composed of three parts : (1) The 
base A, which carries a pair of steatite burners 
B and a regulating tap. The upper surface 


1 0 



o _gp^4a^6p,8p,ioo,i2o,i4o,ife l«miig»etres 
Indies 


Fig. 1. 

of the base is covered by a plate of metal, 
perforated at the centre and held in place by 
three centring blocks C. Below the plate is 
a recess the bottom of which is covered by 
felt, and six holes Z drilled in the base give 
communication with the outer air. A tube 
X of fibre conducts the air to the base of the 
burners. 

(2) An annular copper vessel D, jacketed 
by felt R and protected by an outer covering 
S, rests on the blocks C and is centred by them ; 
the interior suiface of this vessel forms a 
chimney E ; it is also fitted with a con- 
densed water drip F. Air enters between tbe 
blocks C. 

(3) The top of this vessel I) is closed by 
the lid G, to which is attached the water 
circulating system of the calorimeter. The 
water enters at 0 through an inlet box which 


contains the thermometer by which its tempera- 
ture is measured. 

in order to mamtain a uniform flow the 
water-supply comes from an overflow funnel 
fixed to the wall at a height of about one 
metre above the base of the calorimeter. A 
tube leads from this funnel to the inlet pipe 
of the calorimeter, and in this tube is a dia- 
phragm with a hole about 2-3 mm. in diameter. 
A second tube is connected to the water- 
supply through a regulating tap, while a third 
tube, the open end of which is at a height of 
about two inches above the bottom of the 
funnel, is connected to the waste sink. The 
tap is opened until there is a slight trickle 
of water through this third pipe ; thus a 
constant head is preserved. 

The water circulates through a helix of 
copper tubing to the bottom of the calori- 
meter and then up again to the top, where 
it enters a temperature equalising box H ; 
hence it passes through baffles to the out- 
flow box P this contains the second ther- 
I mometer, by which the temperature of the 
I outflowing water is measured before it finally 
escapes as indicated in the figure. Between 
I the outer and inner coils M and N is placed 
I a brattice or annular partition Q containing 
i cork dust so as to act as a heat insulator ; the 
top of this is closed in an air-tight manner 
by a wooden ring which prevents the access 
of moisture to the cork. 

The products of combustion rise in the 
chimney E, then pass down over the coils M 
between the chimney and the inner surface 
of the brattice, rising again in the annular 
space between its outer surface and the 
inside of the vessel I), and finally escape 
through a number of holes in the lid, their 
temperature being measured by a thermometer 
fitted, as shown at G, for this purpose. Their 
heat is given up to the water circulating in the 
coils, and its amount is measured by the rise 
in temperature of this water as indicated by 
the difierence between the thermometers 0 
and P. 

The steam formed by the combustion is 
condensed by its passage over the coils, and 
the water of condensation escapes by the 
outlet F and is measured. 

§ (3) Method of Experiment.— In carry- 
ing out an experiment the gas is fed to the 
burner through a meter and a pressure regu- 
lator. The tap of the calorimeter is regulated 
so that the meter hand makes one revolution 
in from 60 to 75 seconds. The water is allowed 
to flow through the calorimeter and the gas 
lighted ; the whole is left for not less than 
30 minutes for the temperatures to become 
steady, the thermometers being read from 
time to time. The escaping water passes into 
a change-over funnel, the position of which 
can he rapidly altered so as to direct the flow 
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either into a measuring flask suitably placed 
to receive it, or to a vaste Trater sink ; during 
the preliminary interval the water runs to 
wast^. As the meter hand approaches division 
75, after the temperatures have become steady, 
the observer reads the inlet temperature; as 
the hand passes the 100 mark he shifts the 
change-over funnel so as to direct the flow 
into the measuring flask, and starts a stop- 
watch. As the hand passes division 25 he 
reads the outlet temperature. At each 
quarter turn afterwards the outlet tempera- 
ture is read until fifteen readings have been 
taken ; the hand is then at 75 ; as it passes 
division 100 for the fifth time — i.e. after four 
eompdete turns — the change-over funnel is 
shifted and the stop-watch stopped. At each 
turn of the meter except the last, when the 
hand is between 75 and 100, the temperature 
of the inlet water is read ; thus there are four 
readings of this temperature. Immediately j 
after the flow has been directed to the waste, 
the temperatures of the gas and air supply 
and of the effluent gases are read ; the baro- 
meter reading, and also the readings of the 
wet and dry bulb thermometers, used to 
determine the hygrometric state of the air, 
are also taken, and the amount of water of 
condensation which has escaped from the 
outflow F is noted. 

The difference between the moan of the 
fifteen outlet temperatures and that of the 
four inlet temperatures gives the rise of 
temperature of the water ; the quantity which 
has passed is known from the indications of 
the measuring flask- The product of these 
two quantities measured in proper miits 
gives the total heat produced — ^this, as already 
indicated, needs certain corrections ; if the 
thermometers are divided in centigrade degrees 
and the measuring vessel in cubic centimetres, 
the result is in calories. The meters employed 
under the Gas Referees’ regulations allow 
one-twelfth of a cubic foot of gas measured 
at a temperature of 60° F. and a pressure of 30 
inches of mercury to pass in each revolution, 
and when in use the time of a revolution 
should be about one minute. If the pressure 
and temperature at the time of observation 
have not these standard values, the meter 
readings require correction. This is facili- 
tated by a table given in the Notification of 
the Gas Referees,^ to which the reader is 
referred for further particulars, including 
details as to the application of the various 
corrections. 

The measuring vessel is a flask with a com- 
paratively narrow neck graduated from 1600 
to 2400 c.c. In the ordinary use of the calori- 
meter the amount of water passing in four 
minutes should be adjusted so as to be suffl- 

^ liletropolis Gas, Sottjication of the Gkis Referees for 
the year lOlS. H.:M. Stationery Office. 


I cient to fill it above the lowest graduation, 
j but insufficient in five minutes to come above 
j the highest division. This flask must be certi- 
' fied by the Referees; the regulations also 
I require that the meter should be checked 
! from time to time, and instructions are given 
j as to the use of the wet and dry bulb ther- 
j mometers employed to measure the hygro- 
] metric state of the air. 

§ (4) ReCOEDIKG CALORmETEES. — As ex- 
I plained in the article on “ Fuel Calorimetry,” 

• the Gas Referees are required to prescribe a 
j recording calorimeter for testing continuously 

the calorific value of gas supplied in the larger 
towns, and various investigators are at work 
on the problem. At the present time no 
; instrument has been prescribed. Among the 
I instruments already produced are the Sim- 
manee and the Thomas recorder. 

§ (5) Simmaxce’s Total Heat Recoedino 
Calorimeter. — This instrument consists, 
as any such apparatus must, of two parts, 
the calorimeter proper and the recording 
device ; the calorimeter is a flow calorimeter, 
modified, as will be described shortly ; 
the record is obtained from a curve which 
gives continuously the temperature differ- 
ence between the inflowing and outflowing 
water. If the gas be supplied at a con- 
stant known rate corrected for pressure, 
temperature, and humidity, and the water 
flow also at a known uniform rate, the tem- 
perature difference measures the heat produced 
by the combustion. 

The gas is supplied through a pressure regu- 
lator to the meter ; it pa^es through a speci- 
ally constructed governor placed some three 
feet above the calorimeter, and then through 
a vertical iron pipe to the burner, whence it 
issues at the pressure of the atmosphere in 
the combustion space. Any change in the 
density of the gas or in the atmospheric pres- 
sure causes a change in the pressure under 
the bell of the governor, and the movement 
which occurs operates a valve, thus checking 
or increasing the flow of gas to the burner. It 
is claimed that the rate of efflux from the 
burner orifice is thus regulated and remains 
constant whatever the density of the gas may 
he. In a report on the instrument recently 
issued by the Department of Scientific and 
Industrial Research ^ it is stated (p. 22) “ that 
the claim that the gravity meter automatically 
applies a correction for the varying pressure 
of the gas is substantially true.” 

Arrangements are made whereby the air 
i supplied for combustion is mamtained at the 

* temperature of the cold water and is saturated 
i at that temperature, while the products of 

I 

I * Fuel Research Board, Technical Paper No. 2, 
Report 071 the Simmance Total Heat Recording 
j Calorimeter J by Thos. Gray and Alfred Blackie. H.M. 

1 Stationery Office. 
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combustion escaj^e at a tem]ierature about 
1°*5 above this. The water enters the calori- 
meter tubes under a constant head, and the 
flow is controlled by a needle valve enabling a 
fine adjustment to be made. In this manner 
a uniform flow both of gas and water is 
secured. 

The temperature difference is measured by 
a differential air thermometer; the inlet and 
outlet boxes each respectively contain, in 
addition to the ordinary thermometers, a thin- 
walled copper box ; each of these is connected 
by capillary copper tubing to one of a pair 
of aneroid bellows; they thus form the bulbs 
of a differential air thermometer. The two 
bellows are rigidly coupled by a connecting 
rod ; thus the position of the rod depends on the 
difference of pressure of the air in the two 
bellows, and the rod moves as this pressure 
difference varies. 

Changes in the pressure difference are in- 
dicated by a suitable mechanism attached to 
the rod and recorded by a pen on a moving 
chart. Before starting the calorimeter, when 
the whole apparatus is at one temperature, a 
connection is opened betweai the bellows so 
that the pressures in the two are equal ; the 
connection is then closed and the apparatus 
started ; as one of the two copper boxes is 
heated the pressure of the enclosed air rises 
proportionately to the rise of temperature, 
and hence the mechanism indicates the tem- 
perature difference between the outflowing and 
inflowing streams. 

If the chart moves uniformly and the water 
flow is also maintamed at a uniform rate, the 
ordinates of the curve traced measure the total 
heat produc*ed- 

The calorimeter is put into adjustment by 
determining the calorific value of the fuel 
in the ordinary way by the aid of the ther- 
mometers provided ■with the instrument ; 
the pen is then set at this value corrected to 
normal pressure and temperature, and the 
instrument gives a continuous record. 

The report already quoted concludes with 
the statement that ‘‘ the variation of the 
recorder seldom exceeded 2 per 'cent, notwith- 
standing the fact that the temperature of the 
air and water were not artificially controlled, 
and there is a prospect that the limits of error 
may be substantially reduced,” 

§ (6) The Thomas Recoeden-g Calorimetee. 
— In this instrument the cooling medium is 
air, not water ; the gas is hximed in a closed 
space ; the products of combustion pass down- 
wards through a tube surrounding the burner. 
The tube is surrounded by a second tube 
through which a stream of cooling air passes 
upwards ; this tube is open at the top, but is 
covered by a cap which forces the cooling 
air to flow back outside the tube, and 
finally to escape into the atmosphere. The i 


I difference of temperature between the in- 
coming and outgoing air is recorded by the 
instrument, and the rate of flow being 
known, and also the specific heat of air, 
the total heat produced by the combustion 
j is obtained- 

The temperature difference is measured by 
two resistance thermometers connected to a 
special form of Wheatstone’s bridge in such a 
manner that the difference between the two 
resistances is recorded ; the galvanometer of 
the bridge acts as relay actuating the recording 
mechanism. The gas to be tested, the air 
required for combustion, and the cooling air 
are supplied through three wet meters, which 
are connected together in such a way that 
the quantities supplied bear a constant ratio 
to each other. These meters are partially 
submerged in water in a large tank, and the 
air supply is drawn from above the water 
in the tank ; it is thus saturated at the pres- 
sure and temperature of the tank. The gas 
supply passes through a governor which is also 
submerged in the tank ; it is subject, therefore, 
to the same changes of pressure and tempera- 
ture as the cooling air. 

Since the quantities of gas burned and of 
air employed to cool the products of combus- 
tion to their initial -temperature bear a con- 
stant ratio to each other, the rise of tempera- 
ture is a measure of the total heat produced 
independently of the ra-fee of flow. The gas 
and the air required for its combustion are 
supplied in proper quantities by the respective 
meters and mix in a mixing chamber before 
they reach the burner. 

The apparatus is set by burning gas of which 
the calorific value has been determined in- 
dependently ; it -will then record, variations in 
the calorific power. 


Gas-coxstaijt. The ratio of the product of 
the pressure and volume of any gas to its 
absolute temperature which is a constant 
quantity ff the gas laws are assumed to hold 
strictly. Its value if p is measured in 
atmospheres and v in cubic centimetres is 
82-04. See “ Thermodynamics,” § (G). 

Gas-displacement (Htjmpheey) Pump. See 
“ Hydraulics,” § (42). 

Gas Engines : 

Relation of weight to power in See 
“ Engines, Internal Combustion,” § (7). 
Types of. See ibid. § (4). 

Gas Laws, Deviations from the, various 
methods of expressing. See “ Thermal 
Expansion,” § (25). 

Gas-scale Corrections : at temperatures of 
-100°, 50°, 400°, 1000°, comparison of, in 
thousandths of a degree, tabulated. See 
‘‘ Temperature, Realisation of Absolute Scale 
of,” § (20), Tables 5, 6, 7, 8. 
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Gas Scale of Temfeeatuee : 

Correction to. See “ Thermometry,” § (5). 

Measure of Temperature by. See “ Thermo- 
dynamics,” § (4) ; “ Engines, Thermo- 
dynamics of Internal Combustion,” § (8). 
Gas THEEMOiCETEB, THE Acteal. See j 

“ Temperature, jElealisation of Absolute I 

Scale of,” § (8). | 

Gases : i 

Kinetic Theory of. See “ Thermo- j 
dynamics,” § (66). For Expansion of | 
Gases see also § (4) of same article. i 

Methods of measuring Thermal Conduc- | 
tivity of. Cooling Thermometer Method j 
— ^Hot Wire Method — Film Method. See ' 
“ Heat, Conduction of,” § (8). 

Relation of Thermal Conductivity, Viscosity, 
and Specific Heat. See ibid, § (10) (iiL). 

Thermal Conductivity of Mixture. See 
ibid, § (10) (iii.). 

Values of Thermal Conductivity of. See 
ibid. Table V. 

Gases, Specific Heats of : 

By Electrical Methods. See “ Calorimetry, 
Electrical Methods of,” § (13). 

I>etermiaed by the “ Method of ^Mixtures.” 
See “ Calorimetry, Method of ^Mixtures,” 

§ ( 14 ). 

At High Temperatures. See ibid. § (10). 

Variation of, with Temperature and Pressure 
(over moderate ranges). See ibid. § (15). 

. GASES, SPECIFIC HEATS OF, AT HIGH 
TEMPERATURES 

§(1) Intboduction. — A n increase in the in- 
ternal energy of a gas may be accompanied 
not only by an increase in the linear and 
rotational kinetic energy of the molecules as 
a whole, but also (except for monatomic gases) 
by an increase in the intra-molecular energy of 
vibration of the atoms. This energy taken up 
in atomic vibration might be expected to 
increase with the temperature, thus leading to 
a greater increase of iutemal energy per degree 
rise of temperature, or in other words a higher 
molecular thermal capacity or volumetric heat, 
at constant volume. 

All gases which are not monatomic do in 
fact show a specific heat increasing with the 
temperature. The monatomic gases should, 
according to the kinetic theory of gases, all 
have a volumetric heat which is independent 
of the temperature and equal to fR, where R 
is the absolute gas constant =1-987 cal. per 
gram moL Moreover 7, the ratio of the 
volumetric heats at conjstant pr^sure and 
volume, should be 1*66. Both these results 
have been verified experimentally. Kundt 
and Warburg found 7 for mercury vapour 
1-67 and Ramsay found it for argon 1-659 
and for helium 1-652. Pier has measured the 
volumetric heat of argon up to 2000® C. by 


explosion experiments with oxygen and hydro- 
gen, and up to this temperature could find no 
sensible variation from the theoretical value 
2-98 caL per gram molecule. 

In the case of a perfect gas there can be no 
variation of volumetric heat with the pressure, 
since 



and the right-hand side of each equation is 
zero if pv and T occur in the characteristic 
equation in the first degree only. In the case 
i of air Witkowski found that Cv and Cp in- 
j creased with the pressure when the tempera- 
I ture was constant, but the variation only 
i becomes large at very low temperatures, and 
j above 0® C. the volumetric heats are nearly 
independent of the pressure. For the three 
diatomic gases O2, and CO, which are of 
importance in connection with internal com- 
bustion engines, it may safely be assumed 
that Cj, and are independent of the pressure 
for the range of temperature 100® C.-3CKX)® C. 

It has been suggested ^ that the volumetric 
heats of CO^ and H.^O may be dependent to 
an appreciable extent on pressure as well as on 
temperature and that they "vvill diminish for 
any given temperature the greater the density. 
This is the reverse of what has been observed 
at low temperatures, and, as shown below, it 
seems unlikely that, with CO^ at any rate, 
it is so to any sensible extent for the tem- 
peratures of 1000® C. and upwards with which 
one is chiefly concerned. In the case of super- 
heated steam, for which the critical tempera- 
I ture is 365° C., the experiments of Knoblauch 
and Molher have shown conclusively that the 
volumetric heats increase eonsiderahly with 
the pressure for temperatures up to 500® C. 
Pmbably there is some variation with pressure 
i above this temperature, hut the amount is 
likely to be too small to be of any importance 
! in internal combustion engines : according to 
Knoblauch and Jacob the variation of Cp 
between 2 and 8 atmospheres at 500® C. is 
only about 0-6 per cent, and this will probably 
diminish rapidly as the temperature gets well 
above the critical temperature. Since the 
critical temperature of CO^ is some 330° C. 
lower than water, it seems very improbable 
that its volumetric heats vary appreciably with 
the pre^ure at gas-engine temperature. 

§ (2) Methods of Measheemext. — ^At- 
tempts to measure the volumetric heats of 
air, CO2, and H^O at high temperatures have 
been of three types. 

(i.) Constant pressure experiments, in which 
the gas is heated externally, usually at atmo- 
spheric pressure. 

^ W. T. David, Phil. Mag. xxxix. 551. 
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(ii.) Experiments in 'nhich the change of j 
mean temperature of a mass of gas is measured | 
while a known amount of work is done on or ' 
by the gas. The change of temperature is 
calculated from the change of pressure, as 
measured on an indicator diagram. 

{iii.) Explosion experiments, the gases being 
kept at constant volume. 

The principal measurements in the constant 
pressure class (i. ) have been made by PegnaultA 
WiedemanA Hulbom and Austen,® Holbora 
and Henning,* and Swann ^ ; those of class (ii.) 
by Eugald Clerk®; and those of class (iii.) by 
Mallard and Le Chatelier,’^ Langen,® and more 
recently by Pier ® and Bjermm.^® 

In April 1908 the late Professor B. Hop- 
kinson gave,^^ in his paper on “ The Thermal 
Efficiency of Gas Engines,"’’ a curve of internal 
energy and temperature for the working fluid 
in his engine compiled from the best data at 
that time available. In September of the 
same year the Committee appointed by the 
British Association to investigate “ Gaseous 
Explosions, with Special Reference to Tempera- 
ture,” mad© its fir^ report. In this a valuable 
summary of the position of knowledge at that 
date as regards specific heats of gases at high 
temperature is given, together with a careful 
criticism of the probable accuracy of the vari- 
ous methods of experiment. 

(i.) Constant Pressure Experimeivts . — The 
highest temperature reached in experiments 
of the constant pressure type is 1400° C., 
by Holbom and Henning,^ and it is doubtful 
whether anything higher could usefully be 
attempted owing to the very great technical 
difficulty of carrying out constant pressure ex- 
periments at these high temperatures.^® Since 
1908 the results of Swann’s experiments on 
air and CO 2 have been published, and although 
they were only made at 20° and 100° C. they 
are important as giving a reliable datum-line 
figure for the volumetric heats at ordinary 
temperatures. The Gaseous Explosions Com- 
mittee accepted Swann’s values as correct to 
1 per cent, as follows : 

At20"C. At 100° C. 

Air 5-0 CaL per gr. moL 

Carbon dioxide . 6-93 7-76 „ „ 


(ii.) Clerh'^s Experiments .'^^ — The experiments 
of Clerk (class iL) cover about the same 


^ Utmoires de T Acadimie, Jan. 20, 1802. 

® Ann. der Physik., 1876, 

“ TTws- AbhaiidL der Peiehsayistalt. 1905, iv. 

Ann. der Physik, 1907, xxiii. 899. 

5 Proc. Roy. Soe. A, 1909, 

* Ibid. A., Lvr^ii. 

Ann. des JJmeSy 1883. 

® Zeit. des Ter. Deutschen Ing., 1903, xlvii. 

* Zeit. fur EleUrochem., 1909, xv. 530 : 1910, xvi 
S97. 


Zeit. fur phys. Chem., 1912, IxxLx. ; and Zeit. 
fur Elektrochem., 1911, xvii. 731 ; 1912, xviii. 101. 
Proc. Inst. Meek. Eng., 1908. 

“ Tor details see “ Calorimetry,’* Method of Mix- 
tures, § (16), Electrical Methods, § (13). 

See also Engines, Internal Combustion,” § (74). 


range of temperature as those of Holbom and 
Henning and gave results about 10 per cent 
higher for the mean volumetric heat. The 
accuracy of results from these experiments 
depends very largely on a correct allocation 
of heat loss to the cylinder walls between the 
compression and expansion strokes. Clerk 
first assumed the loss during the two strokes 
to he the same except for the difierence of 
mean temperature of the gas, but this is now 
known to be very far from true, and the 
difference accounts in part for the high values 
obtained for the volumetric heat. In order 
to obtain reliable results from experiments 
of this type it is necessary to know more of 
the condition of the surface layers of gas near 
the cylinder walls during compression and 
expansion. 

(iii.) Explosion Experiments . — ^The majority 
of attempts to measure volumetric heats at 
really high temperatures have been by the 
explosion method, in which a known mixture 
of gases enclosed, in a vessel of constant 
volume is heated by internal combustion. 
The temperature after explosion is inferred 
from the rise of pressure, and from this, 
and the known heat of combustion of 
the constituent gases, a value is obtained 
of tbe mean volumetric heat of the vessel 
contents between the initial and final tem- 
peratures. 

In interpreting the results of experiments 
of this kind there are several points of im- 
portance to consider : 

(a) The correctness of the volumetric heats 
by this method depends entirely on an accurate 
allowance being made for any loss of energy 
by conduction of radiation up to the point of 
maximum pressure. 

(b) The maximum temperature inferred from 
the maximum pressure is a mean temperature 
for the volume of gases. The actual tem- 
perature range within the gas is very wide : 
Hopkinson has estimated as much as 1900°- 
1100° C. when the mean from pressure ob- 
servations was 1600° C. If the specific heat 
were the same at all temperatures there would 
be no change of pressure during an equalisation 
of temperature, and Mr. S. Lees^^ of Cam- 
bridge University bas recently shown that, 
taking the estimated conditions in Hop- 
kinson’s experiment, the error from this 
cause is probably weU under 1 per cent 
and therefore less than experimental errors 
of measurement. 

(c) The mean volumetric heats are calcu- 
lated on the assumption that all the available 
heat of combustion has been generated in the 
gas at the moment of maximum pressure. 
That is to say that all the carbon and hydrogen 
are then present as COg and H 2 O. If any of 

Proc. Roy. Soc. A, Ixxvij. 390. 

Proc. Camb. Phil. Soc. xx, pt. iii. 
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the gases are still uncombined, or in other ' 
words if any of the CO 2 and H^O are dissociated | 
at the highest temperature reached, and are ! 
present as CO -^0 and 2 H 2 ^ 02 , the effect ; 
tvill be to lower the maximum temperature ! 
and give a higher value to the calculated ' 
volumetric heat. On this account many of I 
the results from explosion experiments have | 
been called “ apparent volumetric heats ” ; 
meaning that any effect of dissociation | 
is included in them so that the true volu- I 
metric heat will be lower than the apparent ” 
value. j 

It is important to notice that this use of “ appar- 
ent ” volumetric heats is highly unsatisfactory for ; 
two reasons : the amount of diskwiation and, there- i 
fore, the apparent volumetric beat depends not 
only on temperature but on pressure, and will ; 
therefore vary according to the starting pressure of ■ 
the exj^riment ; and, seccmdly, the apparent volu- ' 
metric heat of products of combustion containing 
both CO 2 and HjO cannot properly be calculated ' 
from the apparent volumetric heats of CO. and H^O 
found separately. CO^ and H.O have a dissociation 
product, 0., in common, and the presence of one in 
a dissociated state will depress the amount of dis- 
sociation of the other, and vice versa. For this , 
reason the only satisfactory method is that used in j 
some of the more recent experiments, of which 
results are given below, in which an excess of one 
of the combining elements is maintained during 
combustion sufBcient to depress the dissociation to 
a negligible amount. In this way true volumetric 
heats are obtained- 

§ (3) Results op ExPEnniEifTS. — Hopkm- 
son has given, in his paper, ^ figures for the 
mean volumetric heats of air, COy, and HgO 
up to 800°, 1400°, and 1900° Q, ba^ on the 
work of Hoi bom and Henning, Holbom and 
Austen, Langen, and Clerk. These figures 
Hopkmson considered to give the best com- 
promise betw^n the rather discordant r^nlts 
at high temperatures of Holbom and Henning, ; 
and Langen. 

Hopkinson’s figures are as follows : 


Meax Volumeteio Heat in Caloet^ pee Gbam 
Molecule poe Range 100° C. to f C. 


£° C. 

j 800. 

— 

1400. 

1900. 

CO. . . 

! 8-9 

10-45 

11-65 

! H^o . . 

1 6-56 i 

7-8 ! 

' 10-0 

j Air 

5-03 i 

5-55 

5-95 


The energy curves obtained from them are 
shown dotted in Fiff. 1 . 

Since the above figures were given by 
Hopkinson, a number of values for the 
volumetric heats of ilST*, CO 3 , and E[jO have 
been published by Bjermm, based upon his 
own and Pier’s results of explosion experi- 
ments with hydrogen, carbon monoxide, and 

^ Zoc. cU. 


acetylene. These carry the observed volumetric 
heat values up to 2400° C., 2700° C., and 
3000° C. for No, COo, and HoO respectively. 



The figures given by Bjerrum are as follows : 


e C. 
200 . 
G30| 

1000 j’ 
1347 ! 


Foe Nitrogen ^ 
Mean Values 0* C. 


Holbom and Henning 


Volum. Heat. 
Cal. Gram Mol, 
(' 4-73 

I 4-91 

I 5-25 

1 5-31 


1519 

1783 

1951 

2182 

2367 


Mean Values 18® C.-?“ C. 

Pier’s experiments recal- 
culated by Bjerrum 


5- 43 

6- 58 
6-79 
5-87 
5-93 


Foe Watee-vapoub ^ 


620 

1000 

1327 


Mean Values 110° C.-£° C. 
Holbom and Henning J 



Mean Values 18° C.-f® C. 

Pier’s experiments recal- 
culated by Bjerrum 


Bjerrum 


6-51 

6- 95 

7- 40 


7- 92 

8- 54 

9- 37 
lO-OO 
10-5 
10-9 


Foe Caebon Bioxidb ® 


200 ^ 

630| 

1000 r 

1364 J 

1611 'j 

1839 I 

2110) 


Mean Values 0° C -t° C. 


Holbom and Henning 


Pier 


Mean Values 18° C.-i* C. 
2714 Bjerrum ^ 


7- 48 

8 - 6 
9-33 
9-84 
9-98 

10-28 

10-47 


10-9 


There is no doubt, in the light of Swann’s 
experiments on air, that the values given by 
Holbom and Henning for nitrogen up to 

* ZeitschHfi fiir Elektrochemie, 1912. 

» Jfrtd., 1911. 

* ZeitscTirift fur Thysik. CTiemiCf 1912. 

2 E 


VOL. I 
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dOO' C. are too low. Bjerruin recommends | is to : 
the formula = 4-9 f -00045 C. given by | being- 
Pier, or his otVTi formula ^ based on the theory I ments, 
of quanta, which give practically identical ! or 3 p- 
results up to 30<X)' C. and agree with Swann’s i Abo 
value for air at 100' C. 1 much 

By plotting energy temperature curves I and 
from the figures given above, and taking into I Langei 
account Swann’s for air and CO^ at 100^ C., j accoun 
the following values for the mean volumetric ; sufficie 
heats between liX)~ C. and higher temperatures j the di 
C. have been calculated, and are given as least h 
being probably the most accurate at this time dissoci 
available. Where volumetric heats are ^ven Langei 
by Bjemim for ranges lS°-£' and 110®— the on wh: 
same figures have been assumed to hold for metric 
ranges and 100®-£®. In the higher to pre- 

ranges for water, where Bjerrum gives figures of one 
for ranges the energy has been calcu- Bjerru] 

lated from Bjernim’a figures as though water with < 
were a gas down to 0° C., and 600 caL sub- amoun 
tracted as the energy of the imaginary gas at variouf 
100° C. ing th 

It has recently been sho-wn ^ that if, usi n g reaches 

Meax Volumbtbic Heats between 100® C. ani> C. in 
Guam Calories pee Gram Molecule. 



100° C. up to 

500°. 

j 1000°. 

; 1500°. 2000°. 1 2500°. 

3000®. 

Nitrogen . . 

5-17 

5-28 

5-50 ! 5-75 j 6-00 

6-30 

Water-vapour . : 

6-25 

6-94 

7-04 8-42 9-71 

11-20 

Carbon dioxide . 

8-25 

! 9-55 

1 

10-07 10-50 ' 10-87 ; 

10-95 


these figures as true volumetric heats and 
Nemst’s constants for the dissociation of 
COs and HgO, the actual conditions in an 
engine cylinder are calculated, then results 
are obtained which are in excellent agreement 
with the best experimental engine results. 

§ (4) Critical Comparison of Volumietric 
Heat Figures. (L) General — Bjerrum has 
accepted Holbom and Henning’s figures up 
to 1200° C., except as regards their values for 
nitrogen at low temperatures. This is now 


I is to regard the constant pressure results as 
! being confirmed by the recent explosion experi- 
i ments, and probably accurate to 2 per cent 
: or 3 per cent up to 1200° C. 
i Above 1200° C. the new figures lie very 
I much below the old, both for carbon dioxide 
j and water. Hopkinson considered that 
I Langen's results were probably too high on • 
: account of incomplete combustion and in- 
I sufficient aUowance for heat loss. Part of 
j the difference is probably accounted for, at 
! least in the case of COg, hy the occurrence of 
dissociation at the high temperatures in 
Langen’s experiments. In the experiments 
on which Pier and Bjerrum base their volu- 
metric heat values, precautions were taken 
to prevent dissociation by having an excess 
of one of the combining elements present. 
Bjerrum’ s experiments were, in fact, designed 
with a view primarily to measuring the 
amount of dissociation of COg and H 2 O at 
various temperatures and pressures by compar- 
ing the pressures, and hence temperatures, 
reached with an excess, first of nitrogen, 

> C IN then of one of the combining 

elements, present. 

§ (5) Bjerrijm’s Theoretical 
Calculations from Volumetric 

Heat Figures. — T aking a formula 

00°. ! 3000®. given by Einstein, and modified by 

j Nemst and Lindemann, which ex- 

1-00 1 6-30 presses the distribution of energy 
1-71 11-20 in a complex molecule according to 
»-87 10-95 the theory of quanta, Bjerrum has 

developed an expression for the 

mean volumetric heat of a gas over any 
range of temperature. Using his own. Pier’s, 

I and Holbom and Henning’s values for the 
mean volumetric heats, and evaluating the 
constants in the formula by means of them, 
Bjerrum found that the formula can be made 
j to give values for the mean volumetric heat 
I which follow closely the experimental values 
j over the range 0°-3000° C. 
j In the case of CO 2 some confirmation of the 
I volumetric heat values can be obtained from 


known to be too low, and the formula given 
by Pier and accepted by Bjerrum agrees with 
Swann’s value for air at 100° C., which the 
B.A. Committee conadered correct to within 
1 per cent. Hitherto Holbom and Henning’s 
results between 800° and 1400° have been 
considered as probably too low. CaUendar’s 
opimon is that their results, although consistent 
among themselves, may be subject "bo system- 
atic errors, making "them, over the range 
0°-1400° C., as much as 10 per cent too low. 
This, however, was when Langen’s explosion 
results were the best available for the higher 
temperatures. The more reasonable view now 

1 ZeitscJirijt Jur EleMrockemie, 1911. 

® Tizard and Pye, Automobile Engineer, Feb., 
March, and April 1921, 


optical considerations. The formula for volu- 
metric heat involves terms depending on the 
free period of internal vibration of the mole- 
cule. Values of such free periods calculated 
from observed values of the volumetric heat 
are found to show very fair agreement with 
the periodicities at which absorption bands 
occur in the spectrum of COg. Conversely, 
if the actual wave-lengths for the principal 
absorption bands are used in the formula, 
values of the volumetric heat are obtained 
which only differ by 3 per cent or 4 per cent 
from observed values up -bo about 3000° C. 

Water exhibits a highly complicated spec- 
trum in the ultra-red region, and this has not 
yet been sufficiently explored to make it 
possible to compare the periodicities of actual 
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absorption bands with those calculated from 
volumetric heat values. It is probable that 
the complex spectra so far observed are due 
to the existence of double molecules, and more 
observations at high 'temperatures and low 
pressures are needed before comparison can , 
be made with high - temperature volumetric 
heat values. Water seems to show, moreover, 
a rapid increase of volumetric heat above ; 
2000° 0., which is not at present understood, ' 
and which it is impossible to express in a 
formula developed entirely from quanta theorv’. 
Up to 2000° C. the mean volumetric heat can* 
be closely expressed by a formula of the same j 
type as that for COj, hut in order to make it ' 
follow the observed values above this tempera- 
ture it was necessary to add to the formula an 
empirical term involving the fourth power of 
the temperature. 

§ (6) Prob^lb Accuracy of Experi- 
mental Results. — Of the new explosion 
experiments under review those by Pier 
were undertaken primarily with a view to 
measuring volumetric heats, those by Bjerrum 
to measuring dissociation. Pier's experiments 
were all done with initial pressure one atmo- 
sphere ; Bjemim’s, on the other hand, in order 
to increase the amount of dissociation, at 
much lower pre^ures — about one-seventh of 
an atmosphere. The point is important in 
considering the amount of heat loss from the 
explosion vesseL 

The chief cause of uncertainty in all results 
of explosion experiments lies in estimation 
of the heat loss during the rise to maximum 
pressure. Pier neglected this altogether, hut 
fortunately, owing to his method of experi- 
menting, this does not affect the value of 
his results. Bjerrum did a number of experi- 
ments with varying initial pressures, and, 
on the assumption that heat loss per cent is 
inversely proportional to pressure, has esti- 
mated the heat loss in his own and, where ! 
necessary, in Pier’s experiments, and has 
applied corrections accordingly. The magni i 
tude and reliability of his corrections are i 
dealt with under each gas separately. 

Pier’s method of measuring volumetric : 
heats was to make his explosion experiments ; 
comparative, taking as his standard of i 
comparison the monatomic gas argon. The 
volumetric heat of argon, according to the j 
kinetic theory of gases, should be constant 
and equal to 2-98 calories per gram molecula 
Pier first exploded hydrogen and oxygen 
with excess of hydrogen and then with excess 
of argon, but keeping a small excess of 
hydrogen to prevent any sensible dissociation. 
By doing experiments at different starring 
temperatures he was able to obtain figures 
for the mean volumetric heat of both argon 
and water-vapour, and to show that argon, 
at least up to 2000° C-, shows no saisi b le 


departure from the theoretical value. These 
results depend on a knowledge of heat loss, 
which Pier assumed to be zero. Bjerrum has 
estimated the heat loss in these experiments 
at 1-8 per cent, and has recalculated Pier’s 
results for the other gases on this basis, and 
on the supposition that the volumetric heat of 
argon is constant and equal to the theoretical 
value. It is impossible, indeed, to conceive 
of a variation of volumetric heat in a mon- 
atomic gas, and this assumption seems justified 
on experimental as well as theoretical grounds. 

(Lj yUrogen. — ^Pier obtained the ratio be- 
tween the volumetric heats of nitrogen and 
argon by comparing the quantities of the 
two iueri: gases present vith an explosive 
mixture cf oxygen and hydrogen when the 
same temperatures were produced. In this 
case the results are therefore purely compara- 
tive, and, since heat loss may be taken as 
being the same under similar conditions of 
temperature and pressure. Pier’s neglect of it 
does not vitiate his results except in so far as 
'allowance must he made for differences of 
initial pressure. The magnitude of the loss 
in these experiments, in which the pressure 
rise takes place in about one-hundredth of a 
second, was, according to Bjerrum, only 
about 2 per cent in any case. ^ So that 
Pier’s comparative results for nitrogen should 
be accurate to the order of his experimental 
errors, which were about 1 per cent. On 
the whole it seems reasonable to expect the 
figures given by Bjerrum for nitrogen are 
accurate to within + 1 per cent up to 2000° C. 
and ± 2 per cent up to $000° C. 

(iL) Water -vupour. — The principal experi- 
ments on which the figures for water- vapour 
are based are those of Pier, carried out with 
initial pressures approximately atmospheric, 
and for which Bjerrum estimates the heat loss 
as 1‘8 per cent. These carry* the values up 
to 2377° C. Bjerrum has extended this 
range up to $064° C. by experiments at low 
initial pressures (about one - seventh atmo- 
sphere), in w*liich he estimates the loss as 14 
per cent. This figure he gives with much 
confidence, hut it must he pointed out that a 
difference of 2 per cent in the allowance for 
heat loss makes a difference of about 8-9 per 
cent in the volumetric heat values up to 
$000° C. Indeed, in some further experiments 
with an excess of argon, also by Bjerrum, 
he finds it necessary to fix the heat loss allow- 
ance as 12 per cent in order to bring them 
into line with the rest of his results. This 
figure of 12 per cent, he says, was a not im- 
probable one, but does not say why ; po^bly 

* This figure agrees exactly with that estinoated 
by David (Proc. Bop. Soc. A, xcviii. 308) for the heat 
loss up to raaxiniTim temperature, when allowance 
is made for the difPerence in maxiimiin temperature 
[ and explosion time according to the empirical 
formula given by him. 
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it was because the argon experiments were 
at slightly higher initial pressures. 

In estimating the probable accuracy of the 
figures for water-vapour, it seems, therefore, 
that we must allow that there may he an 
error of ±5 per cent up to 3000° C., and 
possibly more. Up to 2000° C. the un- 
certainty is considerably less. It seems Hkely 
that the possible error is not more than 
t: 2 per cent or 3 per cent. 

(iiL) Carbon Dioxide . — In dealing with COq 
one has the advantage, as with nitrogen, of 
being able to make the experiments compara- 
tive as between two inert gases, as was done 
by Pier. On the other hand, the rate of 
combination where carbon is involved is very 
much lower than with oxygen and hydrogen. 
Pier found that the combustion of carbon 
monoxide was too alow to be any use except 
for mixtures giving a final temperature over 
2200® G. He therefore used combustions of 
acetylene and oxygen, first with excess of 
nitrogen, then excess of Oj, and finally with 
COj and O^. There is no doubt that .Pier 
was getting very considerable loss of heat 
before the point of maximum pressure, as is 
clear from the very low value of the heat of 
combustion of acetylene which he calculated 
from his experiments. 

It is curious that Pier never realised the importance 
of his heat losses, and was forced to suppose the 
formation of an endothermic compound ^ water 
and CO5 to explain his heats of combusticm of acety- 
laie. There is some evidence that aldehydes are 
formed during combustion in an engine cylinder, 
but it is very unlikely that the quantities are as 
gr^t as Pier supposed. Bjerrum, however, has 
accepted Pier’s figures, beir^ comparative, as sub- 
stantially correct, and, as mentioned previously, they 
receive some confirmation from the spectrum of COg. 

Bjerrum has extended the range of Pier’s 
figures from 2110° C. to 2714° C. by explosions 
of CO and Og, first with excess of CO and then 
of nitrogen. As before, his experiments 
were done first with a view to dissociation 
measurements, but in this case he used initial 
pressures of one-quarter and one atmosphere. 
Using his results at these two pressures, he 
estimates his heat loss correction, and gives 
10*9 as the mean volumetric heat from room 
temperature to 2714° C. The combustion 
time was of the order of one-tenth second as 
against one -hundredth second for the oxygen 
and hydrogen experiments, and the correction 
on the mean specific heat due to heat loss is 
in consequence as much as 15 per cent of the 
value given, in spite of the pressures at which 
he was working being higher than in the case 
of his experiments on water- vapour. 

Pier has given the formula 

C^=6*8-f3-3 : lO-H-0-95/. >; 

as representing his experimental results upon 


] CO 2 up to 2110° C. This formula gives 10*75 
: for the range up to 2714° C., so that there 
j is good agreement between Bjerrum’s and 
Pier’s figures. 

' An idea of the optical confirmation of the 
: CO 2 figures may be given as follows : The 
internal or vibrational energy of a triatomic 
molecule will be shared between the three 
mutual vibrations of the three atoms, (1) with 
(2), (2) with (3), and (3) with (1). In the case 
of CO 2 , since the mutual attraction between a 
carbon and oxygen atom may be supposed 
• greater than between the two oxygens, it 
is a reasonable assumption that, of the three 
vibrations, there will be two of high frequency 
and one of lower. If the three wave-lengths 
Xj, X 2 , and Xg of the N emst-Lin demann quanta 
function which occurs in the volumetric heat 
formula are evaluated from observed values 
of the volumetric heat on the above assump- 
tion that X 2 =X 3 the values obtained by 
! Bjerrum are Xi = 8*l, X2=X3=5-0. With these 
; constants the formula gives values of the 
' volumetric heat which follow the actual values 
( closely over the range 0°--2000° C., e.g . ; 


TempersitTixe 

Volnmetaic Heat, Cal. Gm. Mol. 

Sanse. 

Observed. 

CalcnTated, 

0-200 

7*48 

7-44 

0-2110 

10*47 

! ■ 

10*43 


Now there are actual absorption bands in 
the spectrum of CO 2 at Xi = 14*7, X2=4*3, 
and X 3 = 2*7. If these values are put into 
I the formula and the volumetric heats calcu- 
j lated from purely optical data, the volumetric 
I heats for the same ranges as above are 7*67 
I and 10*04. The optical data, therefore, give 
; values within 3 per cent or 4 per cent of 
the observed ones, and on the whole it seems 
probable that the latest values of the volu- 
' metric heat given by Bjerrum up to 2700° C. 

I may be taken as correct to ±3 per cent or 
i ±4 per cent. • D. s. P. 


I Geab - BOX Testiug Machine (National 
I Physical Laboratory). See “ Dynamo- 
j meters,” § (6) (iii.). 

Gibbs-Helmholtz Equation. See “ Thermo- 
dynamics,” § (64). 

Gibbs’ Tbieemodynamio Potentials. See 
“ Thermodynamics,” § (51). 

Glasses : 

Suitable for Thermometers, Approximate 
Percentage Composition of Various, tabu- 
lated. See “ Thermometry,” § (6), Table 
VI. 

Zero Depressions of Thermometers made 
of Difierent, tabulated at 25° C., 50° C., 
and 100° C. See ibid. § (7), Table VI. 
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Gold : | 

Freezing-point of, determined by platinum 
resistance thermometer and tabulated. 
See “ Resistance Thermometers,” § (18). 
Solid and Liquid, Emissivity of, determined 
by optical pyrometer. See “ Pyrometry, 
Optical,” § (20). 

Governor for Stea^^i Engine. See “ Steam 
Engines, Reciprocating,” § (2) (vi.). ! 

Gra^oie Molecule. The volume of a quan- I 
tity of gas which has a mass equal to j 
its molecular weight in grammes. It is 
constant for all gases, and at a pressure of 
one atmosphere and temperature 0° C. is 
equal to 22,412 c.c. 

Griffiths’ DETERMiNAriON of [Mechanical 
Equivalent of Heat. See “Mechanical 
Equivalent of Heat,” § (5) (L). 

Griffiths, Experiments on Latent Heat I 
of Evaporation of Water, at tempera- ! 
tures of 30^ and 40° C. See “ Latent Heat,” | 
§ ( 2 ). ; 

Griffiths, Laboratory Form of Disappear- | 
iNG Filament Type of Optical Pyro- 
meter. See “ Pyrometry, Optical,” § (3). j 

Ground Storage of Rainfall. See i 
“ Hydraulics,” § (8). 

Groups, Yon-dimensional, the Real Taei- 
ABLES IN Phy^sical PROBLEMS. See “ Dyna- 
mical Similarity, The Principles of,” § (34). 

Guericke’s Pump. See “Air-pumps,” § (11). 

Gun -.RECOIL Cylinder, Hydraulic. See i 
“ Hydraulics,” § (60) (iL). | 


GYROSCOPE 


§ (1) Description of the Gyroscope. In- 
ertia AND Balance. — The gyroscope consists 
usually of a massive wheel or disc mounted 
on bearings so as to be free to spin rapidly 
about its axis of symmetry. The gyroscope 
as commonly made is symmetrical about an 
equatorial plane, perpendicular to the axis of 
symmetry ; but this equatorial symmetry is 
unessentiaL Any rigid homogeneous solid of 
revolution may form the spinning element ; 
and, more generally stiU, the gyroscope may 
even be irregular in form provided that it is 
“ dynamically symmetrical ” about the axis of 
spin. The conditions necessary for dynamical 
symmetry are (L) that the centre of mass O 
of the gyroscope shall lie on the axis of spin ; 
(iL) that the axis of spin shall be a principal 
axis of inertia ; (iii) that the moments of 
inertia about all axes through 0 perpendicular 
to the spin-axis (say, all “ diameters ”) shall 
be equaL If any body were taken of irregular 
form with centroid O, and with unequal 
moments of inertia A, B, C about its mutually 
perpendicular principal axes through O, and 
if it were mounted to spin about the C axis, 
it would differ from the normal gyroscope only 
in having A and B unequal instead of equal 


In the practical making of gyroseoi>es the 
closely approximate symmetry of form is found 
inadequate to secure these conditions of dynam- 
ical symmetry, and a final prrxjess of “ balan- 
cing” is requisite to make the gyroscope run 
smoothly at high speed. If, in violation of 
condition (i.), the centroid is not on the spin- 
axis, but at a short distance from it, the 
gyroscope is said to be defective in static 
balance.” With this defect, if the gyroscope 
is without spin the equilibrium under gravity 
fails to be neutral (except when the axis is 
vertical) ; and when the gyroscope spins about 
the fixed axis a revolving centrifugal force is 
thrown on the bearings. A true circular disc, 
mounted eccentrically on a spin-axis normal 
to its plane, illustrates the state of bad static 
balance. 

If, in violation of condition (ii.), the principal 
axis of inertia is not coincident with the spin- 
axis, but makes a small angle with it, the 
gyroscope is said to he defective in “ dynamic 
balance.” The defect cannot be detected 
statically ; but, when the gyroscope spins, a 
torque in a revolving axial plane is thrown on 
the bearings. A true circular disc mounted 
centrically but obliquely on a spin- axis illus- 
trates the state of bad dynamic balance. 

The two defects are both remedied by the 
addition or removal of small masses of deter- 
minable amount and position ; and when 
balanced to nm quietly in this way the 
gyroscope is usually regarded as satisfying alT 
the necessary conditions. But, in violation of 
condition (iii.), the moments of inertia about 
different diameters of the gyroscope may be 
slightly unequal. An elliptical disc mounted 
centrically and normally on its spin-axis illus- 
trates this defect. The elimination of whirling 
stress may be regarded as having for its direct 
consequence the annulment of the product of 
inertia for every pair of perpendicular planes 
of which one is axial and the other is normal 
to the spin-axis ; and in consequence the 
elimination ensures that the conditions (i.) and 
(iL) are satisfied. But if the moments of 
inertia A and B are left unequal, condition 
(iiL) is violated and the gyroscope is defective. 
The defect cannot be detected statically, nor 
by spinning the gyroscope about the fixed 
axis. It is only when the axis is itself in 
motion that the uncanordcal form of the 
gyroscope is revealed. 

§ (2) The Mounting of the Gyroscope. 
Degrees of Freedom. — In gyroscopic mech- 
anisms e&eh individual gyroscope may have 
any number of degrees of fre^om, up to 
the limit of six degrees, and these degrees of 
freedom may arise in an unlimited variety of 
ways. Most commonly the centroid of the 
gyroscope remains a fixed point, and only the 
three angular d^rees of freedom about the 
centroid are left for consideration ; and, as 
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the spinning movement accmints for one free- 
dom, there remain only the two degrees of 
freedom associated with the direction of the 
gyro -axis r. These two degrees of freedom 
usually occur as the relative movements of 
three consecutive members of a chain of 
pieces. The gyroscope or rotor R {Fig. 1) 

is free to spin 

^ about its axis ; 

/ R \ and this axis is 

~y — v\ I~1 y 

\ \ ^ j j the line of bear- 

\\. ^ 

frame or casing 
^ Q, which sup- 

ports the rotor 
0 g R. The spin- 

Pjg ^ ning freedom is 

thus a rotation 
about the line z. The easing Q is mounted on 
a frame or ring P, so as to be free to turn 
about a line ?/, intersecting z at 0. The rota- 
tion of Q relatively to P about y provides the 
second degree of freedom of R. Finally the 
ring P is mounted on a fixed base-piece B so 
as to be free to turn about an axis inter- 

t secting y at 0. The 
rotation of P relatively 
to B about X providcfS the 
third degree of freedom 
of R. In the commonest 
form of apparatus of tins 
sort the axes x and y of 
the ring P are made per- 
pendicular, and the axes 
y and z of the casing Q 
are also made perpen- 
dicular, and the fixed axis 
X is perpendicular to the 

Fig. lA.~Wtotetoiie horizontal base of B and 
Gyroscope Model m ,, i 

Perspective. consequently a vertical 

line. The apparatus 
usually described as the “ Wheatstone gyro- 
scope ” is of this type {Fig. 1a). 

A gyroscope mounted in this way, with 
complete angular freedom, is sometimes spoken 
of as a “ free ” gyroscope. If the hin ge-lino 
X is locked the gyroscope has only two degrees 
of freedom, and is then often described as 
constramed.” The gyro-axis s is then re- 
stricted to move in a circular cone with y as 
axis and yz as angle. Very specially (and 
commonly) yz is & right angle, and z is thus 
restricted to move in a fixed plane normal to 
y. (In the Wheatstone gyroscope the gyro- 
axis then turns round a fixed horizontal axis.) 

If the hinge y is locked and x is left free then, 
similarly, the gyroscope has only two degrees 
of freedom, and z is restricted to describe a 
circular cone about a; (or a plane normal 
to z). 

More generally the gyro -axis z might in any 
way be left free, by mechanical constraints 


applied to the casing Q, to move only along 
a definite route (generating a cone of arbitrary 
form), and the gyrosc(jpe would again have 
two degrees of freedom. 

It is to be observed that the reduction from 
three degrees of freedom to two degrees may 
occur without the suppression of the freedom 
of rotation about x or y. The complete angular 
freedom of the gyroscope arises from the fact 
that any angular rotation about 0 may in 
, general be derived as the resultant of suitable 
components about x, y, and z. This fails to be 
true, however, wben x, y, and z happen to be 
coplanar ; and this occurs for each of two 
positions, when the relative rotation of P and 
Q brings the planes xy and yz into coincidence. 

, For angular velocities about coplanar lines 
have as their resultant an angular velocity 
: about a line lying necessarily in the same 
, plane. For the Wheatstone mounting {Fig. 
1a), X and z themselves coincide in these two 
positions (when the gyro -axis is vertical), and 
: the loss of freedom is often attributed to the 
! identity of the two rotations about the co- 
I incident lines ; but the identity, though suffi- 
I cient to account for the loss, is not essentiaL 
: (The proposal to avoid the danger of this loss 
I of freedom, when three degrees of freedom are 
I to be preserved, by adding an extra member N 
j to the chain of pieces PQR introduces a fresh 
objection ; for the links N, P, Q of the chain 
I BNPQR then have an indeterminate position 
I for any one direction of z, and would move 
I about at random. ) 

I The case of a gyroscope with only one degree 
I of freedom, as for x and y both locked, leaving 
I the spinning movement about z as the sole 
freedom, should be mentioned as the ultimate 
1 and simplest form of 
i freedom ; but it has 
I no gyroscopic im- \fy^ 

I portance. 

I If abstraction he \ Y 

made of the direc- I 

tions of the three p/ 

axes X, y, and z of / 

the g3n:oscopic ap- j 

paratus, without re- g 

gard to position in 
space or any other 2 

detail, a unit sphere 

centred at 0 and cutting the lines x, y, z at 
points X, Y, Z gives a completely representative 
-figure on the spherical surface {Fig. 2). The 
fixed point X represents the fixed axis of the 
base-piece B; the great-circle arc XY represents 
the ring P ; Y represents the axis y connecting 
the ring P and the casing Q ; YZ represents the 
casing Q ; and Z represents the gyro -axis. To 
complete the figure, any arbitrary line w of the 
base B gives a fixed point W, and WX repre- 
sents the base B ; and if any line v of the 
rotor R gives the point V, the arc ZV represents 
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the rotor R. Witli this open quadrilateral 
^\'XyZ\, with WX fised and all the sides of 
constant length, the complete angular freedom 
of VZ is given by the rotation of XY about 
X, of YZ relatively to XY about Y, and of 
ZV relatively to YZ about Z. And it is when 
the angle at Y is zero or two right angles that 
the triangle XY"Z degenerates into a great- 
circle arc, and one degree of freedom is lost ; 
Z having then no movement possible except 
in the direction perpendicular to XY"Z. 

§ (3) Gyroscopic Experiments. — As pre- 
liminary to a formal account of the kine- 
matics and dynamics of the gyroscope, it may 
be convenient to state briefly the results 
of a number of simple experiments with the 
Wheatstone gyroscope. Wlien checked by the 
principle developed later there will appear 
the reasons underlying these various move- 
ments ; and there will arise also certain 
qualifications necessary to some of the state- 
ments that seem empirically correct. Famili- 
arity with such experimental results is to some 
extent serviceable, in lack of more complete 
information, as a rough working knowledge of 
practical gyroscopics. 

The experiments with the rapidly spinning 
gyroscope may be briefly described as follows, 
the degrees of freedom being as stated in each 
separate case : 

(L) Axis X locked, y free ; any forces applied 
to Q. The gyroscope offers no resistance to 
the turning of Q alx)ut y. 

(ii) Axis z free, y locked ; any forces applied 
to P or Q. The gyroscope offers no resistance 
to the turning of P and Q about z, 

(iii) Axes x and y both free; B moved 
about in any manner. Then z retains its 
original and arbitrary direction imchangecL 
But if, during the movement of B, z comes 
to coincide with z (or passes very near z) a 
violent “ kick ” occurs and z abruptly changes 
direction. 

(iv.) Axes z and y both free ; z horizontal ; 
a weight hung on one end of z and released. 
Then z remains horizontal, and P and Q rotate 
uniformly about arat a rate proportional directly 
to the weight and inversely as the spin of the 
gyroscope. If the movement of P is ‘‘ hnrried 
by a torque applied to P about x the weight 
rises, and if P is hindered the weight descends- 

(v.) Axes X and y both free ; z pointing in 
any direction ; a smooth straight-edge is laid 
perpendicular to z and preyed against the 
spindle of R. The spindle does not yield to 
the pressure but moves along the straight-edge 
in the same sense as if it were rolling along the 
straight-edge by reason of the spin. 

(vl) Axes z and y free, 2 horizontal; forces 
are applied to P as if to turn P about x. The 
turning ahont x is resisted and tilting of Q 
about y occurs. When 2 reaches the vertical 
the resistance, after diminishing, disappears 


and P is freely rotatable in the sense of the 
spin. If the direction of rotation of P is then 
reversed a sudden jolt ” occurs, Q begins to 
capsize, the rotation of P is resisted, and z 
presently agaia becomes vertical. The rota- 
tion of P is then again unresisted in the sense 
of the spin. 

j § (4) Kinematics of the Gyroscope. — If 
I the gyroscope executes any kind of movement, 
j a description of that movement at any moment 
j may consist in a statement of the component 
j angular velocity Ii about the axis 2 , usually 
j called the ‘‘ spin,’' and the instantaneous rate 
I of movement w of the axis 2 . The latter has 
j now come {by an enlargement of the origiaal 
j use of the term) to be called the precession.'” 
j The plane in which the axis z moves is the 
instantaneous plane of precession, and the 
I diameter u of the gyroscope drawn normal to 
! this plane is the instantaneous axis of preces- 
j sion. In the representative spherical diagram 
{Fig, 3 ) the resultant angular movement of the 
; gyroscope is represented by the spin 12 about 
I Z, together with a 
velocity cd of Z along 
I (Z) the spherical 
' curve which is the 
path of Z. If the 
I quadrantal triangle 
; ZTU is completed, 

I then ZT, the tan- 
: gent to the curve 
! (Z), represents the 
; plane of prec^aon, 

TU the central 
i plane of the gyroscope, and U the axis of preces- 
! sion. The resultant movement of the gyroscope 
I is compounded of angular velocities 12 about Z 
i and (a about U. The triangle itself has ZU 
! as normal at Z to the curve (Z), and ZU touches 
, at K the curve which is the envelope of ZU 
and the evolute of (Z). The point K is also 
! the centre of the small circle that osculates 
I the curve (Z) at Z ; and ZK ( = p, say) is the 
' angular radius of curvature of (Z) at Z. The 
I movement of the triangle ZTU as a rigid figure 
j is given by the rolling of ZU on the evolute 
I curve, and consists instantaneously of an 
! angular velocity n about K. The components 
I of n about Z and U are n cos p and n sin p 
j respectively, giving velocities n cos p of U 
I along TU and n sin p of Z along ZT. The latter 
i velocity is by hypothesis w, and therefore 
i cd = n sin p. Hence n=£d/sin p ; and the com- 
' ponent angular velociti^ of the triangle ZTU 
I are (a cot p about Z and ta about U. The 
gyroscope and the triangle have movements 
; identical in respect of the components about 
' U and differing only in the components 
! about Z. 

i § (5) Dynamics of the Gyroscope. — The 
> angular momentum of the g 3 rroscope is the 
i resultant of the separate angular momenta 
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associated with, the two component angular 
velocities, and is therefore compounded of CO 
about the axis s and Aw about the diameter u. 
The rates of change of these two vectors give 
rise to two separate torques or couples which, 
as kinetic reactions, are together equivalent 
to whatever system of applied forces may be 
acting on the g5TOscnpe. They may be calcu- 
lated separately. 

The vector rate of change of any space- 
vector r having angular velocity w is given by 
the linear velocity of its extremity, and is 
compounded of r radially and normal to 
the vector in the plane of its movement. The 
angular momentum about OZ, correspond- 
ing to the vector r, thus gives rise to a torque 
Co about OZ and a torque COw about OT. 
The angular momentum Aw about OXJ gives 
rise to a torque Aw about OU and a torque 
- Aw® cot p about OT, since w cot p is the 
angular velocity of the triangle about Z. 

As the torque about OZ is CO it follows 
that the ang^r acceleration Q of the spin Q 
is the same as would be produced by the same 
torque about z if the axis z were stationary. 
When, however, the gyroscope is supposed to 
be already set spinning on frictionless bearings, 
or (in practice) to be supplied with an electrical 
driving torque coxmterhalancing the resistances, 
the applied torque about the axis z is then 
zero, and hence CO is zero and Q remains 
constant independently of any movement im- 
posed on the axis z. (This property of a 
gyroscope is not true if condition (iii.) of § (1) 
is violated. Unequal values of A and B give 
rise to fluctuations in the spin fi.) 

It is convenient to represent the torques by 
equivalent forces, acting at Z perpendicular to 
OZ, and producing the same moments as those 
of the torques. These forces are : 

Aw along the great-circle tangent ZT at Z. 

Aw® cot p along the inward normal ZK at Z. 

CCw along the normal at Z. 4.) 

The last force CCw has direction and sense 
which, if rotated through one right angle 
about Z in the sense 
of the spin O, gives 
the direction and 
sense of the velocity 
w along ZT. 

Of these three forces 
(or the torques they 
represent) it may be 
noticed that the first 
two are independent 
of the spin and of the 
moment of inertia 
C, and depend only 
on A and on the 
z. They would con- 
stitute the whole torque if either G or Q were 
zero. A thin rod along OZ credited with the 


[ same moment of inertia A would give rise 
I to these same forces ; or a single particle of 
I mass A at Z would alone suffice. And the 
expressions w and w® cot p are the components 
of the acceleration of Z along the tangent ZT 
and the normal ZK ; for w is the rate of 
change of the velocity w of Z, and w® cot p 
is the product of the velocity w and w cot p 
the rate of turning of the tangent ZT about Z. 
The mass A at Z would thus give the same 
two forces. 

§ (6) The Gyeoscopic Torque. Rules por 
THE Precession. — The torque COw is known 
as the ‘‘ gyroscopic torque.” It has OT for 
its axis and UZ for its plane. In many 
practical uses of the gyroscope the value of 
fi is so large that this torque dominates the 
rest, and may he taken by itself as sufficiently 
representative of the whole kinetic reaction. 
The simple rule then is that the plane of the 
appUed torque and the plane of precession are 
perpendicular planes through the axis of the 
^^scope ; and that the torque has a moment 
equal to the product of the angular momentum 
CQ of the gyroscope and the rate of precession 
w. A variety of rules have been proposed as 
indications of the sense of precession. 

(a) The most common statement takes some 
such form as this : The precession is such 
that, after a precessional movement continued 
through one right angle, the axis of the gyro- 
scope would coincide with the axis of the 
torque, and the sense of the spin would agree 
with that of the torque. But in practice there 
is a certain awkwardness and iaconvenience 
in the need to consider a merely hypothetical 
position of the gyroscope. 

(/8) A briefer equivalent is to mark the sides 
of the quadrantal triangle, such as ZTU, with 
arrows circulating round the triangle and 
representing the senses of Precession, Spin, 
and Torque in that (alphabetical) order. 

(7) Rules more readily applied ma}. be stated 
for forceSj taken as eqmvalents of the gyroscopic 
torque. Thus, as above, if a force perpen- 
dicular to the axis of the gyroscope act at a 
point of the axis, the corresponding force- 
vector, when swung through a right angle in 
the sense of the spin, poiats then in the sense 
and direction in which the point moves as a 
consequence of the precession. More realistic- 
ally the force may be supposed actually 
applied to the thin smooth spindle of the 
g3TX)scope by lateral pressure of a straight- 
edge ; and the precession then makes the 
spindle slip along the straight-edge ; and the 
sense of travel is as if the spindle were rolling 
on the straight-edge by reason of its spin. 

(5) A similar form of statement is true for 
a force parallel to the axis and supposed to 
act on the rim of the gyroscope ; namely, if 
the force- vector normal to the wheel is carried 
round, as if rigidly connected with the wheel, 
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t'lirougli one right-angle in the sense of the 
spin, it then indicates the precessional move- 
ment of the rim. 

§ (7) Ejcstetic Reaction?-, Angular Momen- 
tum, AND Energy. — ^In regard to the torques 
of § (5) it should be remarked that Aw and 
Aw^ cot p depend on the (surface component 
of the) acceleration of Z ; and that if that 
acceleration be itself expressed in terms of 
any convenient set of components, it is only 
necessary to multiply each of those separate 
components by A in order to obtain the re- 
quire torques. And similarly CHw depends 
on the velocity of Z ; and if that velocity 
presents itself as composed of any set of 
components it is only necessary to multiply 
each component by CO, and turn it round 
through one right -angle backwards (i.c. 
against Q) about Z, in order to obtain the 
corresponding contribution to the gjrroscopic 
torque. 

Of angular momentum it should be borne 
in mind that, unlike linear momentum, it has 
only magnitude and direction and is not a 
located vector. The sum of the momenta of 
the elements of a gyroscope (with its centre 
at rest) about any line parallel to the axis is 
the same as about the axis itself. The gyro- 
scope might be replaced by another equal 
gyroscope with a parallel axis, inside the same 
casing, and the gyroscopic torque would not 
be affected by the change. Further, if the 
same casing contained several gyroscopes, each 
spinning on an axis fixed relatively to the 
casing, the gyrc^copic torque for any move- 
ment of the casing would be only the same 
as for a single contained gyroscope with 
an angular momentum equal to the vector 
sum of those contributed by the several 
gyroscopes. 

The principle of energy demands that the 
applied forces should do work on the gyroscope 
equal to the increase of its kmetic energy. 
The forces CQw and cot p at Z acting 
normally to the velocity of Z along ZT, do no 
work, and the force Aw do(^ work at the rate 
Aww. If the spin varies, the torque CO 
causing the variation does work at the 
rate COO, and the sum Aww + COO is thus 
the time-differential of the kinetic energy 
J(Aw^-f C02). 

§ (8) Simple Cases op Motion of a Gyro- 
scope. — The three torques found in § (5), 
which usually act in combination, may occur 
separately for special movements of the 
gyroscope. 

(i.) The torque Aw occura alone if 0=0 
and p = 7r/2 — ix. if the gyroscope has no spin 
and its axis is rotating in a plane. The torque 
Aw also occurs alone, initially, if w is momen- 
tarily zero, with any value for 0. Hence 
under the action of a torque the gyro-axis 
moves initially in the plane of the torque itself. 


[The direction of motion begins to turn, how- 
ever, at a rate (C/A)0.] 

(iL) The torque Aw® cot p occurs alone if 
0=0 and w is constant — ix. if the gyroscope 
has no spin and its axis describes a cone of 
any form at a uniform rate. The torque 
measures the normal pressure on the guiding 
curve or cone. If p also is constant the 
cone or curve is circular and the torque is 
constant. 

(iiL) The gyroscopic torque COw occurs alone 
if p=x/2 and w is constant — ix. if the axis of 
the gyroscope rotates uniformly in a plane. 
It may be noticed in this case how, in detail, 
after a turn of the axis through au angle 2a 
the time-integral of the torque-vector accounts 
for the change of momentum. The torque- 
vector Cfiw moves round one right-angle in 
advance of the axis. The mean of the vectors 
ranging over the angle 2a is COw (sina/a) 
along the angle-bisector, and the time is 2a/w ; 
hence the time-mtegral of the torque gives a 
momeutum 2C0 sin a one right-angle beyond 
the angle - bisector of the gyro - axes. The 
change of momentum is CO x 2 sin a and it 
bfifi the same direction. In particular when 
2a = ^, with reversal of the axis, the change 
of momentum is 2C0. 

(iv.) If w and p are both constant, Z in 
Fig. 3 describe a circle with centre K, and 
the triangle ZTU rotates uniformly about K 
as a fixed point. The axis of the gyroscope 
describes a circular cone of angle p. The 
torque outwards from the axis of the cone 
is COw - Aw® cot p. For the customary rapid 
spin this is positive in sign ; but if w were 
rapid also the torque, specially, is zero for 
the case CO=Aw cot p. This conical steady 
motion is then a free movement of the gyro- 
scope. If, say, the stationary casing contain- 
ing the spinning gyroscope is struck a heavy 
blow, giving an impulsive torque Aw about a 
diameter of the gyroscope, the impulse creates 
suddenly an angular momentum Aw and there 
ensues a conical motion of the axis z with 
tan"^ (Aw/Cl}) for the angle of the cone. This 
motion, be ing rapid, gives a blurred effect, 
visually, and is generally spoken of as a 
“ wobble ; but it is nevertheless technically 
a “ steady motion.” 

The constant torque COw - Aw® cot p neces- 
sary in general for the conical steady motion 
of the gyroscope is linear in 0 but quadratic 
in w. Hence, for an assigned value of the 
torque giving movement on the cone of angle 
p, there is a unique value of the spin for any 
assigned rate of precession ; but two rates of 
precession for any assigned spin are given by 
the roots of a quadratic equation, and may 
be real or coincident or imaginary. The 
steady motions of a top (which may be re- 
garded as a frameless gyroscope) illustrate these 
results. 
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(v.) If the gyro-axis is guided by any smooth 
constraints, adequate to take any lateral press- 
ures, the torques Cfittj and Aw“ cot p are 
supplied by the constraints, and the agent 
eontroliing the precessional movement of the 
axis has only to supply the torque Aw. The 
gyroscopic torque falls on the rigid constraints, 
and the agent experiences no gyroscopic 
resistance ” whatever. 

§ (9) Gyeoscope with Two Degrees of 
Freedom o:x a. rotattxg Base. — Instead of 
prescribing directly a movement of Z {Fig. 2) 
the movement prescribed may be that of Y, 
leaving the movement of Z to ensue as a 
dynamical consequence. In a simple case 
YZ may be taken to be a quadrant, and XY 
also a quadrant, and Y may be made to move 
uniformly along its path, the great circle with 
centre X, at the constant angular rate n. 
The point Z is thus constrained to lie on a 
meridian, say, of the sphere ; the meridian 
being XZ and rotating at rate n about the 
pole X If ^ is the polar distance XZ (equal 
to the angle XYZ) the velocity of Z has 
components 6 along the meridian and rising 
along ZY perpendicular to the meridian. 
The corresponding components of the gyro- 
scopic torque give forc^ at Z equal to 
COn sin 6 along the meridian and per- 
pendicular to it. (It is supposed that Q and 
71 would agree in sense if the angle 6 were 
reduced to zero.) The acceleration of Z as 
determined from its componmt velocities and 
the local rate of rotation n cos 6 of ZX at Z (or 
otherwise) has components 

~(^) — (n sin 6){n cos 6) 1 

d [••(!) 

and ^{n sin -h (^) {n cos d), J 

i.e. S—n^^6 cos 6 along the meridian (2) 
and 2u9 cos d perpendicular to it. . (3) 

The corresponding forces are obtained by 
multiplying by the moment of inertia A (§ (5)) 
and are therefore 

A(0 — sin ^ cos alcmg the meridian (4) 
and 2A.nd cos B perpendicular to it. . (5) 
Hence the equation of motion in ^ is 

A(^*-?i® sin ^ cos ^)-f CQn sin ^=0, (6) 

with the integral 

A^^ 4- A«2 cos- d — 2C071 cos constant. (7) 

This integral expresses the kinetic energy as 
a quadratic function of cos 9. This case may 
be compared with simple pendulum motion, 
with no movement in azimuth, for which the 
kinetie energy is a linear function of cos 6 ; 
and also with conical pendulum motion, with 
free and variable movement in azimuth, for 


which the Mnetic energy is a cubic function 
of cos ff. The present case is in a sense inter- 
mediate. For a pendulum of period 27r/^, with 
^ = 0 as the downward vertical, and with the 
vertical plane of swing made to rotate uni- 
formly at the rate the equation of motion is 

^ sin 0 cos ^ 4-p^ sin 0 = 0. . (8) 

The position 0 = 0 is a stable position if ^>7z. 
If pen the position 0 = 0 is unstable, and an 
inclined position of equilibrium exists given 
by cos 6=p^ln^, and is stable. The position 
0=7r is one of equilibrium but is unstable for 
all values of p/n. (Another simple instance 
of the same movement occurs in the case of a 
magnetic needle oscillating in a horizontal 
plane in the earth’s field, with a soft-iron rod 
horizontal and perpendicular to the needle 
and rigidly connected with it.) 

The equations (6) and (8) are identical if 
{CIA)Qn=p% and hence the position 0 = 0 is 
stable if CO^Ati. It is unstable if CD<A? 2 ,; 
and a position of equilibrium is then given 
by cos 6 = {CQ/An). The position 0 = 7r is 
an equilibrium position but unstable for all 
values of Qjn. Hence {Fig. 2) when Z is at 
X the spin agrees in sense with that of the 
rotation of‘XY about X, and the position is 
stable provided n<:(C/A)0. When Z is at 
the antipodes of X the senses are opposite, 
and the position is always unstable. For the 
first case the spin is customarily so large that 
the inequality is amply satisfied, and the 
experimental results are apt to prompt an 
unqualified statement of stability. The in- 
equality, however, is an essential condition. 

The lateral pressure L of the meridian on 
the gyro -axis is given by 

L= (2A71 cos 0 — Cfi)0. . . (9) 

The force L has a moment L sin 0 about OX, 
which has to be supplied by the agent’ 
responsible for maintaining the rotation n. 
He provides therefore a variable torque L sin 0, 
which is identically equal to 

^^{An sin^ 0 + C12 cos 0), . (10) 

the rate of increase of the angular momentum 
about OX. Further, the agent supplies energy 
at the rate 

i|[A(fl2+M2sm2|9) + W]; . (11) 

and this reduces as it should to nh sin 0 in 
virtue of (6) and (7). 

If the gyroscope is originally in the unstable 
posi'tion 0 = 7r its axis will pass the position 
0=7r/2with an angular velocity in 0 given by 

_9=p2+2(C/A)fl)i]i . . (12) 

and the torque of resistance to the rotation 
of the meridian at this moment is equal to 

CQ[re*+2(C/A)fiM,]i. . . (13) 
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For a rapid spin 0 this torque may be 
considerable even for a value of n too 
small to show a visible movement of the 
meridian. 

The special conditions XY = Trj2 and YZ = 7r/2 
involved in the above movement may be 
removed vithout alteration of the form of 
equation (6). The mutual inclination of the 
lines X and y, y and z may be arbitrary ; so 
that the point Y describes a small circle 
uniformly about X, and Z keeps at a constant 
distance from Y. The variable angle XYZ 
still obeys a rotated-pendulum equation, and 
may take equilibrium values determin^ as 
before. For a rapid spin the stable position 
of Z is that which giv^ the smallest value 
to XZ. 

More generally stiU, if Z is constrained to 
lie on any rigid curve that is rotated uniformly 
at a constant rate n about a fixed point X, it I 
is at once apparent that the only positions of 1 
equilibrium are those for which the force | 
along ZX is either normal to the curve at Z ; 
or else is zero. Hence positions of equilibrium ■ 
occur at the foot of any normal drawn from ; 
X to the curve (Z), The exceptional ease j 
of a zero force (giving free movement of j 
the gyroscope, with the guide out of effective 
action) occurs if cos XZ=(Cf}/An) ; giving all 
points in which a circle centre X and ra^us 
XZ cuts the curve ; or more exceptionally if 
XZ=0 or IT, which can occur only when the 
curve passes through X or its antipodes, as in 
the case first above treated- 

It may further and more particularly be 
shown that the normals give stable positions 
for a minimnm value of XZ when CQ>Aa, 
so that the circle is unreal ; and that when, 
CO<A?i, so that the circle is real, the stable 
positions are given by the minimum values of 
XZ for points Z outside the circle, and by 
maximum values of XZ for points Z inside 
the circle. The other equilibrium positions, , 
reversely, are unstable. For the common | 
cases that arise in present practice n is small : 
compared with O, the circle is imaginary, | 
and the m i nimum values of XZ correspond I 
to the positions of stable equilibrium. j 

§ ( 10 ) Gembal Consedeeations on Gyeo- : 
scopic Mecthanics. — In considering tbe ra- - 
tionale of g3rroscopic movements tbe student ; 
will be well advised to adhere very strictly to 
the precise correlation of cause and effect. 
Even when the spin is large and the gyro- 
scopic torque is dominant the assignment 
of applied torqne and consequent precession * 
as proportional correlatives should be fol- 
lowed in definite detail In abbreviated 
verbal reasonings the common use of tbe 
word “tendency” is fruitful of much mis- 
understanding. The “ tendency ” is usually 
a movement which is regarded as prevented 
by a constraint ; and as tbe removal of i 


tbe eonstramt would generally be followed 
by an altogether different movement the latent 
confusion is extreme. 

j Of certain well-established statements which 
j must he quoted only with caution and under- 
I standing a few may be cited, 
i “ A free gyro tends to keep the axis about 
j which it spins, unaltered in direction.” The 
j fixity of direction, in space, of the gyro-axis 
i is not peculiar to the spinning gyroscope, but 
j belongs equally to the non-spinning g5Toscop€. 

I Indeed any line in any freely balanced body, 

; originally free from rotation, would behave 
i in the same way. The practical effect of the 
j high spin is that the large store of angular 
! momentum demands a much larger value for 
i the time-integral of any disturbing torque to 
produce an assigned amount of angular dis- 
placement ; so that the casual disturbing 
forces, if identical in the two cases, will 
produce much less angular displacement in 
the axis of the g3rroscope that is rapidly 
spinning. 

“ A rapidly spinning gyroscope offers great 
resistance to any attempt to alter the direction 
of its axis.” It has been seen, § (8) (v.), that 
if a constraint supplies the gyroscopic torque 
the agent controlling the movement finds no 
gyroscopic opposition at all A gyroscope 
mounted on a door, so as to spin in the plane 
of the panel, leav^ the door as easy to open 
, or shut as if the gyroscope were not sp inn ing 
I at alL It provides no “ resistance,” although 
' its fliVis rotates vrith the door as the door 
I swin^ But a torsional stress (about a 
j horizontal line of tbe door) is thrown on tbe 
I hinges. If resistance is desired it can be 
secured (cf. § (9)) by giving the gyroscope two 
d<^rees of fr^dom relatively to the piece 
moved by the agent. 

“ Hurry on the precession and the top will 
rise in opposition to gravity.” This is intended 
to apply to the alow pr^se^on of a top-heavy 
top IpaJiing at an acute angle from the upward 
vertical (cf. § (8) (iv.)). The spin and precession 
circulate in the same sense, and the more 
general statement of § (6) (7) covers what is 
really intended. But as the effect of the 
forward force applied is (for the case of rapid 
spin) to produce an angular velocity of 
erection only, and no sensible increase of the 
rate of precession at all, the precession is, 
after all, not “ hurried.” The mean in g seems 
to be that an attempt is to be made which 
idouM hurry the precession if the dynamics 
were Twt gyroscopic. If it is desired actually 
to hurry the precession the force applied to 
the fl.xiR must be such as to increase the 
gravity torque. 

It may happen on occasion that the effect 
of “ hurrying the prec^ion ” is to make it 
slower, or even to reverse it. A simple example 
may be given. In the Wheatstone gyroscope 
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the casing Q may be fitted 'R'ith a weight so 
that in the absence of spin the axis z is 
statically vertical for either of two positions — 
one stable and the other (top-heavy) unstable. 
If the plane i/z is tilted slightly, and the gyro- 
scope spins, a steady motion of slow precession 
takes place. In the top-heavy case the effect 
of “ hurrying the precession will be to 
reduce the tilt, and so leave the rate of 
precession reduced in the same ratio ; and 
if the precession is so much “ hurried as 
to annul and reverse the small tilt, then the 
ensuing precession is reversed in sense. Con- 
versely, in order to produce an actual quicken- 
ing of the precession it may be momentarily 
opposed. 

The high speed given to gyroscopes in 
practice, with the consequent dominance of 
the gyroscopic torque, produces an experi- 
mental simplicity of effect which may even 
obscure the fundamental dynamics. It wonld 
appear, er. gr., that on loading one end of the 
horizontal axis of the gyroscope of a Wheat- 
stone gyroscope the appropriate rate of pre- 
cession ensues automatically, and that the 
axis revolves uniformly in the horizontal 
plane. If that were so, then neither the extra 
kinetic energy due to the precession, nor the 
new angular momentum about the vertical 
r, can be accounted for ; for the attached load 
is supposed not to have sunk, and its weight 
has provided no moment about the vertical. 
If this precise state of motion is to be actually 
obtained the proper precession must be given 
initially to the piece P. Without this proviso 
the point 2 (Fig, 2) describes in fact not a 
horizontal great circle but a series of small 
cycloids with their cusps on the circle, as if 
generated by a trace-point on a minute wheel 
roUing below the circle. The mean level of 
the point Z is below the circle by an amount 
that accounts for the kinetic energy of the 
mean rate of precession, and the mean tilt of 
the axis z gives a component of the spin- 
momentum about the vertical that is equal 
and opposite to the angular momentum of 
the mean precession. The same results in 
kind hold good it the axis z has a finite slope 
initially ; and the case of a top abandoned 
with a rapid spin in an inclined position is 
another form of the same thing. The top 
appears to execute a steady motion with a 
precession that is not provided for it; but 
the actual motion of the axis includes a 
tremor that involves both a variable preces- 
sion and a ‘’nutation” in respect of the 
inclination of the axis to the vertical (The 
decay of these rapid tremors, under dissipa- 
tive forces of friction, etc., is usually very 
rapid.) 

In practical mechanics the attempt is often 
made to deal with gyroscopic movements by 
sole reference to the gyroscopic torque, to 


I the complete exclusion of the supplementary 
* torques that are independent of the spin. On 
j occasion the method suffices ; but it may lead 
! to meaningless or erroneous results. In the 
! case, § (9), of the gyroscope vith an axis free 
to revolve in a plane that is uniformly rotated, 
the gyroscopic torque presents a component 
in th6 plane itself which no reaction is available 
I to supply. The equation of motion (6) loses 
all but its last term, and the problem is 
: stultified. It may be further suggested that 
: the dynamical possibilities involved in the 
! use of gyroscopes with moderate spins may 
j presently be developed. 

! The familiar demand for an “ explanation ” 
j of the g^oscopic torque of a precessiug gyro- 
, scope will be found to survive repeated dis- 
! cussions of the phenomenon so long as they 
I are based on the principle of angular momen- 
j turn ; and apparently the demand can only 
j be met (if it need be) by the avoidance of this 
fund am ental sophistication. If the simple case 
! of the movement of § (8) (iii.) is considered, 
and if the axis of the gyroscope is at the 
j moment pointing east and precessing to the 
I north, and the spin is from zenith to north, 
then any small portion of the top of the disc 
is moving northward ; but on account of the 
precession it is located to the west of the 
meridian both before and after passing the 
summit, and so has a component acceleration 
j to the west. The bottom of the wheel has 
; similarly an acceleration to the east. Hence 
i the pair of equal forces necessary to account 
j for these accelerations constitute a couple that 
agrees with the known gyroscopic torque in 
I its plane and its sense (cf. § (6) (5)). If the 
mass of the wheel be regarded as replaced by 
four particles equal in mass and equally 
spaced round the rim, and two equal particles 
equally distant from the centre and placed 
on the axis, so as jointly to preserve the same 
mass and moments of inertia, the acceleration 
of each particle may be readily calculated and 
the forces found in detail. Briefly, if the run- 
masses are each wi, and the radius a, then 
C=4w<z®. The accelerations of the summit 
and bottom, to west and east respectively, are 
2aQ(a (cf. § (9) (iil)), and all the other accelera- 
tions are purely radial. Hence the parallel 
and opposite forces are of magnitude 
with an interval 2a between them, and thus 
give a torque which is equal to 

COcd. If the general movement of the gyro- 
scope is considered, in place of this very special 
steady motion, the additional torques, depen- 
dent on the diametral moment-of-inertia A, 
can he similarly evaluated. The use of the 
artifice of equivalent particles thus enables 
the kinetic reaction of the gyroscope to be 
calculated by appeal to the information 
supplied by the dynamics of a particle. 

a. T. B. 
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H ardness and Abrasion Tests : General ! conduction and conTection are comparatively 
Considerations. See " Elastic Constants, I slow in their eSects. Radiation, on the other 
Determination of,” § (79). hand, is the transfer of energy by etherial 

Hardness Tests. See “ Elastic Constants, vibration and does not depend on the presence 
Determination of.” of the matter. Its velocity of propagation, 

Brinell Test. § (80) (iii.). whether in the form of waves of light, heat. 

Depth Indicators. § (87). or those used in wireless telegraphy, is, of 

Indentation Method. § (80). course, enormous. 

The Ludwik Method. § (85). While it is convenient to adopt this classifica- 

Measuring Microscopes. § (86). tion of the agencies of heat propagation, it 

The Pellin Apparatus, § (90). should be realised that the phenomena are 

The Shore Scleroscope- § (92). probably closely related. For example, from 

The Turner Sclerometer for Cratch Hard- | the jwint of view of the molecular theory, it 
ness Determinations. § (93) (L). ^ can be supposed that each molecule, as it 

At Varying Temperatures. § (120). j becomes heated, affects those around it by 

H a rk eb, 1904, comparison of gas thermo- | radiation or by imparting some of its increased 
meter with secondary standards of tern- i vibration to them by direct contact. The 
perature in range 500'^ to 1600°. See i phenomenon of conduction might thus be 
“ Temperature, Realisation of Absolute i regarded as a process of intra- molecular 
Scale of,” § (39) (xi.). I radiation or convection. If the analyas is 

Harmonic Motion. When the displacement i carried further by adopting the modem 
of a point from its position of equilibrium > theory of electrons, capable of diffusing 
is given by an expression of the form 
asm.{ni-^€) the motion is said to be 
“ harmonic.” 

Harrison’s Theory of Ltjbeication. See 
“ Eriction,” § (26). 

Head Resistance. See “ Ship Resistance 
and Propulsion,” § (15). 

HEAT, CONDUCTION OF 

§ (1) Introduction. — ^When one end of a metal 
bar is heated, a change of temperature can 
very soon be detected along the bar, due to 
the passage of heat through the metaL This 
power of transmitting heat is po^essed in 
varying degree by all material substances, 
and the phenomenon is known as the Conduc- 
tion of Heat. It is usual to distinguish it 
from two other agencies by means of which 
heat is propagated and which are dealt with 
in separate sections in this work — ^namely. 

Convection and Radiation. In the case of 
convection the heat is transferred by the 
actual movement of the heated matter, 
gaseous or liquid, as distinguished from 
conduction, in which no tiansfer of the matter 
itself is apparent. In fluids both conduc- 
tion and convection seem to be processes of 
diffusion. In the case of conduction the action 
is molecular, due to the diffusion through the 
substance at rest of its molecules, carrjdng 
with them their kinetic energy; in that of 
convection it is molar, brought about by the 
movement of small portions of the substance 
as eddies, or in other ways, thus transferring 
from point to point the kinetic energy of the 
molecules which go to form the eddy. Both 


through metallic bodies and conductors of 
electricity, but capable only of vibration in 
dielectrics, the mechanism of heat conduction 
is reduced to diffusion in metallic bodies and 
radiation in dielectrics. It would be out of 
place here to ^ter on a full discussion of the 
mechanism of heat conduction. The theory 
will be referred to only so far as is necessaiy 
to enable us to deal with the practical subjects 
treated below. These will include a descrip- 
tion of some typical methods of measuring 
conductivity, together with a summary of the 
results obtained by various observers and also 
some applications of the theory to conditions 
of heat flow which are eneotmtered in practice. 

§ (2) Definitions. — The first to give a 
precise definition of conducting power was 
Fourier, whose 
monumental 
worii, TJieone 

analytique de Thickness x 

la chaleur 
(1822), forms 

the baris of all Temperature » .11 

mathematical 

treatment of 6 ^ — ^ > 

the problems 
of heat flow. 

(i.) Conduo 

tivity: Steady FiG. 1. 

State . — ^A clear 

conception is, perhaps, best obtained by con- 
sidering a thin wall of material with parallel 
faces, one of which is maintained at a tempera- 
ture and the other at a temperature of 8^ 
{Fig. 1 ). When the steady flow of heat has been 
established — ^that is to say, when the amount 
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of heat flo^^ing into the wall through one 
face is equal to that flowing out from the 
other, none being absorbed or given up by 
the intervening material — it can be shown 
that the quantity of heat passing through the 
wail is proportional to the difference in 
temperature between the faces. The quantity 
also varies inversely as the thickness x of the 
wall, and directly as the area S and the time U 
so that we have the relation 

Q = . . (1) 

where Q is the quantity of heat and K is a 
constant depending on the nature of the 
material of the wall and which is called the 
“ Thermal Conductivity.” 

It is sometimes convenient to conader the 
thermal conductivity as being the ratio of 
the rate of heat flow per unit area to the fall 
of temperature per unit thickness. The latter 
quantity or ddjdx is called the 

temperature gradient.” 

Following from the formula above, the unit of 
conductivity is defined, on the C.G.S. system, 
as the number of calories per second that 
would flow through every square centimetre 
of the surface of a wall of thickness 1 cm. 
and with a difference of 1° C. between its 
faces. Another unit commonly used by 
engineers is the British Thermal Unit ^ per 
hour, per square foot, per inch thickness, per 
1® F. difference. To convert the C.G.S. unit 
into the other unit it is necessary to multiply 
by 2903. 

In the simple case, w^hich has been taken 
above, of a wall with parallel faces kept at 
uniform temperatures, the surfaces of equal 
temperature in the material, or “ isothermal 
surfaces,” will be parallel to the faces of the 
wall and the lines of heat flow will be straight 
hn^ perpendicular to the faces. If, however, 
the material is not m the shape of a plane wall, 
or if the conditions of heat supply are different 
from those assumed, the isothermal surfaces 
and the lines of flow may be curved and the 
problem of calculating the heat flow will 
generally become very comphcated. For 
such cases it is convenient to rewrite the 
equation in the form 

Q X shape factor, . (2) 

and ^2 being, as before, the temperatures 
of isothermal surfaces and the '■* shape factor ” 
being a constant depending on their shape 
and relative disposition. The shape factor 
has been calculated for a few simple eases, 
such as a sphere heated centrally and a long 
cylinder heated axially, and approximate 
formulae have been obtained for some other 

^ The British Thermal Unit (B.T.U.) is the quantity 
of heat required to raise the temperature of 1 lb. of 
water by 1“ F. at its temperature of maYlTnnm 
density, 39“ F. 


common forms. These are dealt with in 
Part n. below. 

(ii.) Diffusivitij : Variable State . — The formu- 
lae given above apply only to the flow of heat 
when the steady state of temperature has been 
established throughout the body. If, however, 
the temperature of the body is changing at any 
point it is obvious that part of the heat inflow 
(or outflow) will be accounted for by the 
amount absorbed in raising (or liberated by 
lowering) the temperature of the body at 
that point, so that the heat flow will depend 
partly on the thermal capacity. As a matter 
of fact, in the equations governing the variable 
state the constant E/cp (or thermal conduc- 
tivity divided by heat capacity per unit 
volume) occurs. This constant ha^ been 
called by Kelvin the “ Diffusivity,” while 
Clerk-Maxwell named it the “ Thermometric 
Conductivity,” since it measures the change 
of temperature which would be produced in 
a unit volume of the substance by the 
quantity of heat which flows in unit time 
through unit area of a layer of unit thickness 
having unit difference of temperature between 
its faces. 

Kelvin’s term is the more commonly used, 
and occasion will be found to refer to it 
further in dealing with problems arising out 
of the variable flow of heat. 

1. Methods of meastjking Conductivity 

In general the conductivity of a material 
is obtained under conditions of steady heat 
flow, and, as has been indicated above, it 
can be determined by measuring the heat 
flowing through a body in a certain time, the 
temperature at two ,or more points, and the 
dimensions of the body. The experimental 
conditions suitable in particular cases depend 
mainly on the nature of the material to be 
tested. It is convenient therefore to consider 
separately the methods applicable to Solids, 
Liquids, and Gases, and to subdivide the 
first mentioned under three main headings, 
namely, poor, medium, and good conductors. 
Crystalline or non-isotropic solids are also 
dealt with separately. 

§ (3) Solids; Poor Conductors (K =0-00008 
to 0*00030). — Under this head come the 
materials which are used for purposes of heat 
insulation: for example, in the walls of cold 
stores and the lagging of boilers. They include 
such materials as cork, charcoal, kieselguhr, 
magnesia, slag-wool, asbestos-wool, and so on. 
Before describing the methods of test, it is as 
well to get some idea of the structure of the 
materials and the mode of heat transfer. 

The materials are not homogeneous solids 
in the physical sense, but are loose aggregations 
of matter with a large number of included 
air-spaces. Their structure may be either 
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fibrous or, as in the case of cork, cellular, 
but more often the materials m question are 
artificial aggregates of small particles or 
fibres. The transmission of heat through 
such materials does not take place solely 
by conduction in the solid particles. The 
mass of these in a certain volume of the 
material is relatively small, and their fine state i 
of division gives rise to a high thermal resist- 
ance due to the number of point contacts 
through which the heat has to pass. 

In addition to conduction in the solid 
material there is the transfer of heat by 
radiation and convection across the air-spaces. 
That the former is small can be seen by 
considering an air-space bounded by parallel 
walls at absolute temperatures of and 9^ | 
The heat loss by radiation across such a space ^ 
is independent of its thickness, and is propor- i 
tional to dj^ - 6^^, or where the difference is I 
small to ^ 1 -^ 2 - H now a thin partition of 
conducting material parallel to the walls is 
interposed between them, it wfil take up a 
temperature intermediate between that of 
the walls (say, the mean temperature), and the 
radiation from the hot surface to the partition 
will be approximately one half of that previ- 
ously passing between the hot and cold 
surfaces, and similarly, of course, the radiation 
from the partition to the cold surface. The 
effect of the partition is thus to reduce the 
heat transfer by radiation to about one half. 
Two partitions will reduce the radiation to 
about one-third, and so on. 

If, for example, we take an air-space 3 inches 
thick, the temperature of one face being 10° C. 
and of the other 25° C., the heat loss by 
radiation for surfaces which are ‘‘ full 
radiators ” would be about twenty times the j 
heat loss that would take place through the j 
air by conduction only — that is assuming 
aU movement of the air could be prevented ; 
so that no transfer took place by convection. 
Nineteen partitions would thus reduce the 
radiation loss to about the same amount as 
that due to pure conduction through the air. 
The equivalent subdivision of insulating 
materials is far greater than this. > 

A somewhat similar argument can be applied 
as regards convection, though the laws are 
not so well defined as those of radiation. ' 
For the case taken above of an air-gap of i 
3 inches with a temperature difference of | 
15° C., and supposing the walls vertical, the ; 
convection loss would be of the order of 
seven times the loss which would be due to ' 
conduction only. By subdividing the space 
the convection loss may he reduced, and if the 
air-gaps are made small enough to render air 
currents impossible the heat will be transferred 
solely by conduction. 

Thus we see that the best insulating material 
is one which most nearly approaches in 


conductivity to air. By subdi'viding space by 
small particles of matter we can reduce the 
heat loss due to convection and radiation 
imtil it is not appreciably different from that 
of pure conduction through the air, but the 
introduction of solid matter inevitably in- 
creases the total of the conduction losses 
since all solids conduct better than air. Hence 
it follows that there is a limit of efficiency to 
be reached by introducing solid material. 
This is clearly shown in the results given 
by Petavel for the heat loss through slag-wool 
insulation of different densities (S'ig. 2). It 
will be seen that the minimum value was 
obtained for slag-wool packed at 10 lbs. per 
cubic foot. 

The conductivity of the class of poor 
conductors, or insulators, ranges in value 
from about 0-00008 to 0-00030 C.G.S. units, 
the best insulators having nearly twice the 
conductivity of ah* (0-00005). The values 
have a positive coefficient with rise of tempera- 
ture which is frequently of the same order as 
that of air. 

Some typical methods for testing such 
materials are described below. 

(l) Spherical Shell Method — NusseU . — 
Theoretically the simplest form of solid. 
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WU of ccmriag material per cubic ftJn pound* 

Fig. 2. 

from the point of view of conductivity 
measurements, is the sphere or spherical shell. 
The flow of heat from a source at the centre 
is symmetrical and follows a simple mathe- 
matical law. On the other hand the use 
of a sphere generally gives rise to consider- 
able experimental difficulti^ and the material 
has to be made up into a special shape. 

However, the method has been sncoessfuUy 
adopted by several experimenters, of whom 
Nusselt^ may he taken as an example. In 
Ms apparatus the shell of material was con- 
tained between two spheres of metal The 
iuner one of copper, 15 cm. in diameter and 
T5 mm. thick, was split into hemispheres 
which were joiued with a bayonet joint so 

^ Forsch. Fer, d, Iryg., 1&09, Hefte 63 and 64. 
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as to give a smooth exterior. The outer 
sphere was also split into two halves held 
together by a flanged joint with bolts. It 
was of zinc 1 mm. thick and either 60 or 70 
cm. in diameter. The zinc sphere was coated 
with paint and its temperature excess above 
the atmosphere did not exceed 15° C. 

The space between the spheres was filled 
with the material under test, and a constant 
supply of heat was maintained electrically 
inside the inner sphere. The temperatures 
at different points in the material were 
obtained by means of a number of thermo- 
couples of iron — constantan. Care was taken 
to ensure that the wires of each couple for a 
few centimetres from the junction were led 
along the isothermal plane so as to avoid 
errors due to conduction in the wires them- 
selves. The importance of this precaution 
was shown by means of an experiment with 
infusorial earth, in which the junctions of 
two thermocouples were embedded in the 
material at eq[ual distances from the centre 
of the sphere; that is to say, in the same 
isothermal plane. In one case the wires 
from the junction were led away along the 
radius, and in the other at right angles to the 
radius (i.e. along the isothermal plane). The 
respective readings obtained were 74-9° C. 
and 116*3° C. 

To obtain the temperature distribution in 
the material, couples were fixed along three 
radii at tight angles to each other, four 
couples being arranged symmetrically on 
each radius. In addition to these 12 couples 
others were fixed at different points so that 
the distribution of temperature was studied 
with some care. 

When the steady state of temperature had 
been reached it was sufficient to know the 
energy supplied to the central sphere, the 
temperature of two isothermal surfaces. 
The conductivity is then obtained from 
equation (2) above, the value of the shape 
factor being in this case 2xa5/(6-a), where 
a and h are the mtemal and external radii of 
the shelLi 

JJusselt used the apparatus for testing a 
number of insulating materials such as 
infusorial earth, slag-wool, asbestos, powdered 
and slab cork, charcoal, sawdust, wool, silk, 
cotton. The temperature range extended 
from that of the atmosphere to 500° G. and 
the results are stated to be accurate to 1 or 
2 per cent. 

The packing of the material and the arrang- 
ing of the thermocouples must have been far 
from easy, and the apparatus does not therefore 
lend itself to studying the effect of different 
densities of packing on the conductivity. 
Nusselt’s results are, however, in very fair 


agreement with those obtained with other 
observers, as will be seen from Table 1. 

(ii.) Cylindrical Shell Method — Lamb and 
Wilson . — A cylindrical shell of material with 
plane ends was adopted by Lamb and 
Wilson “ for the purpose of determining the 
conductivity. 

Their apparatus is illustrated in Fig. 3. 
The material was contained in the space 
l>etween two cylindrical copper pots kept at a 
definite distance apart by pieces of vulcanised 
fibre. The inner pot contained a small motor 
with a fan attached to the axis. A tinplate 
cylinder, open at the top and with holes at 
the bottom, was put inside to direct the 
currents of air over the inner surface of the 
inside pot, in the direction of the arrows. 
Energy was supplied electrically to a heating 
coil within, as well as to the motor ; this 
constituted an mtemal supply of heat, which 
maintained the temperature within the pot 
at any determined upper limit. The motor 
and heating coil were connected in series, and 
leads were carried through a small hole in 
the lid of the pots to measure the current and 



Fig. 3. 


the potential difference, and thus the power 
expended on internal heating. The outer pot 
was immersed in a tank kept overflowing 
from the water main, the lid of the pot being 
made into a sort of saucer, into which the 
incoming water ran. In this way the surface 
of the outer pot was kept at a uniform and 
constant temperature. 

The outer pot was 8 inches in diameter 
and 16 inches high, and there was a clearance 
of 1 inch between the two pots. The tempera- 
tures of the pots were measured by thermo- 
junctions of copper and iron soldered at the 
points B and C. 

Preliminary experiments with couples sol- 
dered to different parts of the copper pots 


•See “Heat. Conduction of "Mathematical Theory, temperature distribution 

Eq. (32a). * Proc. Roy, Soc., 1899, Ixv. 285. 
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was constant within 0-5^ C,, when working 
with a temperature difierence of 25° C., 
hence the two thermocouples at B and C 
were relied on to give the temperature 
difference. 

The shape factor in this case was taken as 


the radii of the inner and outer pot re- 
spectively. The formula is an approxima- 
tion, but experiments with 2 - inch layers 
gave results consistent with those for 1-inch 
layers, so that it may be taken as sufficiently 
accurate. 


Table I 

Poor Conductors 


The thermal coudnetivity K is given in the Tables below as the number of calories per sq. cm. 
per sec. per 1 cm. thickness per 1° C. difference in temperature. 


r~ 

Substance. 



1 Temperature. 

K 10*. 

j 

Authority. 




C.G.S, Units. 

J 

) 




1 0 

3-61 

A 

i 

Asbestos ..... 



i 100 

4-64 

4 

Nusselt 1909- 

. 

J 

j 600 i 

5-67 

iJ 



1 

1 500 1 

1-64-214 - 

1 

Randolph, 1912. 



1 

30 

2-97 

1 

Iamb and Wilson, 1899. 



( 

1 0 

1-39 

! \ 

Charcoal 


J 

100 

1-75 

f 

Nusselt, 1^»9. 

» (dry) .... 


t 

30 

1-50 


Lamb and Wilson, 1899. 



0 

1-20 


Xatirmal Physical Laboratory, 1920.^ 

Cork (powdered) 


1 

i 

0 

i 100 

0-86 

1-33 

\ 

1 

Xusselt, 19<f9. 

! (fine granulated) 



; 0 

1-04 


National Physical laboratory, 1920. 

,, slab (cork and pitch 1 


1 

1 

0 1 
0 

1-69 

1-12 

h 

Xusseh, 19(fe. 

National Physical Laboratory, 1920. 




0 j 

1-31 

Cotton waste .... 



100 i 

1-64 

Nusselt, 1909. 



1 

100 1 

1*10 

1} 

;/ 

Randolph, 1912. 

Eider down .... 



100 1 

1-10 

Eapok (loose) .... 



30 1 


Lamb and Wilson, 1899. 

„ (tight) .... 



30 ' 1 

1-44 

Hair-felt (sheets) 


/ 

30 1 

1*06 


Lamb and Wilson, 1809. 


1 

20 ’ 

0-8 

! 

Niven and (Jeddes, 1912. 



/ 

! 0 

1-44 

1 


Infusorial earth or Kieselgohr (loose) j 

1 100 j 

! 400 i 

1- 83 

2- 19 

;} 

Nusaelt, 1909. 




0 

1-95 i 


Naticmal Physical Laboratory, 1920. 

„ (baked lagging) 

f 

! 1 

i 400 j 

1-78 1 

3-33 i 

1 

r 

Nusselt, 1909. 

Kieselgohr and asbestos 



! 100 1 

2-48 , 

Randolph, 1912. 

Magnesia asbestos eompositioa 



20 j 

1-50 


National Physical Laboratory, 1920. 

Paper crumpled 



30 j 

1-67 1 


Lamb and Wilson, 1^. i 

Sawdust 



50 i 

1-53 


Nnsselti 1909. 

1 „ (pine) 



30 1 

2-42 


Lamb and 'Wilson, 1899. 1 

„ (fir) .... 



* 20 1 

1-72 


Niven, 1905. | 

Silk (loc^) .... 



0 , 

1-06 

i 

J 

Nusselt, 1909. 

Slag (loose blast furnace) 



! 50 

2-64 

Slag wool (13 lbs. per c. ft) . 


f 

) 

® 1 

30 1 

1-04 

1-51 


National Physical Laboratory, 1920. 
Lamb and Wilson, 1^9. 

Woc^ 


f 

1 

^ 1 
lOO 

0- 92 

1- 39 

} 

f 

Nusselt, 1909. 

„ (denaty 0-02) 



100 1 

MO 

Randolph, 1912. 

„ ( , 0*2) . . . 



100 i 

0-54 

1 


that of a cylindrical shell of the length of the | The temperature diffeimce in these expeii- 
inner pot plus that of the plane ends, taking i ments was about 20° or 30° C., and the results 
their areas as the mean of the end surfaces of | are summarised in Table I- 
the inner and outer pots. This gave a value j As in the case of the spherical shell method, 
for the shape factor j the configuration of the apparatus makes it 

X ^ 2 y. 2 \ ' difficult to secure uniformity of poking, a 

2Trf ^ some importance in determining the 

\oge(r, rj) is — *1 / ' conductivity of many iusulating materials, 

where and L are the lengths, and and ! It is not clear whether the question of heat 

2 F 
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loss hj coaduction along the ^ires leading 
from the inner pot was considered. 

(iii.) Wall Melhods — (a) Randolph, — In using 
the wall method it is assumed that the lines 
of heat flow are perpendicular to the faces. 
This is true for the central portion of a wall, 
but at the edges, unless the leakage of heat 
laterally can be prevented, the lines of flow will 
be curved. The edge effect ” thus produced 
gives rise to troublesome corrections in 
applying the equation (i) above, and it only 
becomes negligible if the wall is very large 
compared to its thickness. The difficulty can, 
however, he surmounted by the use of the 
guard-ring principle, the effect of which is to 
isolate a central portion of the wall where the 
heat flow is approximately normal to the 
surfaces. : 

Ah example of an apparatus of this kind is 
that deagned by Randolph ^ for measuring ; 
the conductivity of insulating materials. I 

He took a hot plate heated electrically by ! 
means of a resistance ribbon wound on mica. ; 
The top of this plate is of copper, 7^ inches 
in diameter and J inch thick, and its tempera- 
ture is measured by means of couples of 
platinum and platinum -iridium. The material 
to be tested, which varied in thickness from 
J inch to inches, is contained between this 
hot plate and a water-cooled plate. The latter 
is in two parts, the central one forming a 
calorimeter and the outer one a guard-ring. 
A stream of water is maintained in the 
calorimeter, and its rate of flow multiplied 
by the difference in temperature between the 
inflow and the outflow gives the quantity 
of heat received by the central disc. A 
similar stream of water flows through the 
guard-ring, and its temperature never differed 
by more than 0T° C. from the water in the 
calorimeter. With this small difference in 
temperature between contiguous portions of 
the guard-ring and calorimeter, and as there 
was no metallic connection between the two, 
there could be no appreciable passage of heat 
from one to the other. All the heat reaching j 
the calorimeter was thus received directly 
from the hot plate, and the lines of flow were 
approximately normal to the surfaces. The 
conductivity was obtained from equation (1), 
knowing the temperatures of the hot and cold 
plates and the thickness of the material. 

Handolph used this apparatus for obtaining 
the conductivity of a number of insulating 
materials such as asbestos and various asbestos 
compositions, mineral wool, diatomaceous 
earth, wool, cotton, eiderdown. A summary 
of his results will be found in Table L It is 
interesting to note that he adopted a standard 
of compression of the materials which were 
packed as closely as possible by tapping and j 
were then compressed by 25 per cent. The 
^ Trans, American Elecirochem. Soc., 1912, xxi. 545. * 


’ measurements were easily made with an 
: accuracy of 2 per cent, but variations of 5 per 
I cent were found between different samples 
of the same material. The cold plate was 
, approximately at atmospheric temperature, 
wMle the hot plate ranged from 100° to 600° C. 
It may be remarked here that the flow calori- 
meter is not suitable for dealing with small 
temperature gradients of, say, 10° or 20° C. in 
the case of insulating materials, since the heat 
passing through the material would be so 
small as to give only a minute rise in tempera- 
ture of the flow. Further, the leakage to or 
from the surroundings might become compar- 
able with that passing through the test 
material and thus give rise to considerable 
errors. 

Some of Randolph’s values show a tendency 
to he low, for example, that for wool fi.bres 
(at density 0T92) as being 0'(XKX)54, or equal 
to air in conductivity. 

(6) XcUional Physical Laboratory . — ^In the 
apparatus described above the heat flowing out 
through the cold face of the wall of material 
was measured, but the practice is sometimes 
adopted of determining the heat supplied to 
the hot face. This is conveniently done by 
arranging an electrically heated plate as a 
sandwich between two exactly similar walls 
of materiaL The total energy supplied can 
easily he measured, and it passes out .in 
approximately equal amounts through the 
two walls. 

Figs. 4 and 5 show an apparatus of this 
type which is in use at the National Physical 



Fig. 4. 


Laboratory,^ The hot plate consists of flat 
heating units of asbestos-covered wire, or wire 
wound on mica, which are clamped between 
sheets of brass or aluminium. The plate is 
divided into two portions — a central square 
area A, 3 feet by 3 feet, and a guard-ring B, 
^ Annual Rejport Nat. Phys. Lab., 1919. 
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1 foot wide, surrounding it. These portions are 
separated by an air-gap, and are kept apart by 
four small wedges of wood or fibre. They are 
independently heated, and the energy supplied 
to each is adjusted sc that the temperatures 
of the contiguous edges are the same. In 
order to facilitate this adjustment the energy 
supplied to the top, bottom, and sides of the 



guard-ring could be separately controlled (see 
Fig, 4). Under these conditions the heat 
flows away from the central portion in lines 
perpendicular to the surface. The outer 
surface of each wall of the material is in 
contact with an iron plate, which can be 
maintained at a constant temperature. This 
is effected by the circulation of water or 
brine through a coil of square-section lead 
pipe, which is clamped on to the back of the 
plate {Fig, 5). The plate and coil are con- 
tained in a wooden case packed with insulation, 
which is not shown in the figure. The coil is 
wound in a bifiiar manner, so that inflow 
and outflow pipes alternate, and thus the 
temperature is uniform oyer the whole surface. 
The cold plates can conyeniently be run at 
any temperature from - S5° C. to 4- 15° C. 
The temperature distribution is studied by 
means of a number of thermocouples let into 
grooves in the hot and cold plates. By taking 
due precautions the plates can be kept 
uniform in temperature to within about 0*01° C. 

By means of this apparatus walls of insulat- 
ing material have been tested under conditions 
corresponding closely to those prey ailing in 
cold stores. Some of the results obtained are 
given in Table I. 

§ (4) Solids, Medium Co^jouctobs 
(K =0-0003 to 0-01). — The division between 
the poor and medium conductors is purely one 
of convenience. All non-metallic bodies not 
included in the former class fall into the latter. 
Examples of the medium conductors are the 


various kinds of woods and other organic sub- 
i stances, the refractory materials and bricks 
used in furnace construction, rocks and mineral 
substances. The limits of conductivity may 
be said to be from 0‘00(f3 to 0-01 C.G.S. units. 
Xo general rule can be laid down as to the 
, change of value with temperature. As may 
: be expected, the more granular materials 
i show an increase in conductivity with rise of 
1 temperature, while the homogeneous solids 
' generally show a decrease, 
j (i.) Cylindrical Method . — A number of experi- 

! menters have used a solid cylinder of material 
; heated axially to measure the conductivity. 
; The heat is generally supplied by a wire along 



! the axis. If Q is the quantity of heat generated 
j per unit length of the heating wire, then 


\ log.(r,>,) ' 

! We may take as examples the experiments 
' of Xiven, Poole, Clement and Egy. 

(a) — The conductivity of a number of 

! materials such as wood, sawdust, sand, plaster 
I of Paris, and garden mould was measured by 
I Xiven.^ 

! A general view of the apparatus is shown 
I in Fig, 6, while the arrangement of the wires 



: wire CD, platinoid of gauge 34 or 40 W’as 
: used. The wires AA and BB were of platinum. 



' They were prepared by coating a platinum 
i wire with copper and drawing down till the 
platinum had a thickness of 0-035 mm. and 
I the copper 0-27 mm. The latter was then 
I dissolved off. The change of resistance of 

i 1 Froc. Roy. Soc., 1 905, Lxxvi. 34. 
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these wires gave the difference in temperature | fixed on top. For loose materials cylindrical 
between the isothermal surfaces, whose dis- | wooden shells were used as containers, 
tances from the axis could he accurately j Niven gives an approximate calculation as 
measured. Niven experienced considerable ' to the time taken for the flow of heat to reach 
difficulty in the use of these fine wires, and i the steady state. Assuming the temperature 
eventually abandoned them in favour of j to be taken at two points respectively 1 and 
thermo-junctions consisting of German silver i 3 cm. from axis, and taking sand which has 
wire and iron 0*2 mm, in diameter. a diffusivity of about 0-0032, the time taken for 

When solid material was being tested in the temperature difference to reach within 
this apparatus, it was in the form of two half , o per cent of its final value was 1^ hours, and 
cylinders. One of these was moved up ' within 1 per cent of its final value hours, 
underneath the wires until they rested on its j A summary of Niven’s results is included in 
face, and the other half -cylinder was then 1 Table IL 

Table n 


ilEDIUM COXDTTCTOES 


Substance. 

1 

Temperature.l 
“'C. 1 

KxlO*. 
C.G.S. Units. 

1 

Authority. 



Woods 


Ash 


20 

3-6 

Niven andrGeddes, 1912. 

Beech 

Elr ....... 


20 

20 

3-7 

2-64-3-94 

1 Niven, 1905.. 

Mahc^ny 


20 

3-42 


Norw^ian pine 

Oak 


20 

20 

3-18 

5-01 

J- Nivenand(5eddes, 1912. 

Teak 


20 

3-97 




Bf^ractories 


Firtday Bnchs — 





66% SiO» : 29% AljOa /burnt at 
4% Fc^O's : 0-5% CaO \l050= C. 

} 

1 230-1160 

35-0 

j- Wologdine, 1909. 

Ditto . (burnt at 1300° C.) 


! 230-1000 

42-0 

J 

j- Dougill, Hodsman, and Cobb, 1915. 

66% SiO®: 31% Al^O., f burnt at 

\ 

I 600 

30-5 

1% FeaOg: l®o Aik 1^1330-^ C. 

/ 

1000 

40-5 

SS^'o aO,: 43% AljOj 

i 

100 

16-9 

1 Boyd Dudley, 1915. 

«iFe,03:l-5%AIk 

/ 

1000 

33-9 

Silica Bricks — 





! 94o„ SiO„ : 1% ALO, f burnt at 1 

100-1000 

20-0 

] 

: 2^0 J'ecOa : 2-0% Ca’O ^ 1050* C. 

/ 

V Wologdine, 1909. 

Ditto . (burnt at 13(X)'^ C.) 

150-930 

31-0 

j 

93%SiO.:2% AljOs 

1-1% Fe.0, : 1-5% CaO 

1 

/ 

400-1200 

36-0 

DougiU, Hodsman, and Cobb, 1915. 

96% SiO, : 0-9% AlgOg 

1 

100 

22-0 

1 Boyd Dudley, 1915. 

0-8% Fe^Oa : 1-8% CaO 

J 

1000 

42-5 

Magnesite Bricks — 





92% MgO : 5% SiO, 
l-6%Fe,0,:l-7%Ca0 

} 

320-560 

700-1400 

151-0 

91-0 

j- Dougill, Hodsman, and Cobb, 1915. 

86-5% MgO : 2-5% SiO^ 

7-0% FegOg : 2-7% CaO 

} 

450-830 

135-0 

Boyd Dudley, 1915. 

Biaiamite Bricks — 


100 

3-10 

j- National Physical Laboratory, 1916. 


500 

4-61 ■ 



Bocks 




100 

400 

1 Poole, 1914. 



400 

39-5 

Basalt 


600 

39-5 

ij 



0 

31-7 

! R. Weber, 1880. 



20-100 

520 

Hecht, 1904. 

Chalk 


-* 

22-0 

Herschell, Ledebour, and Dunn, 1879. j 
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Table II — conlinusd 


Substance. 



I Temperature. 

1 

; e.G.S. rnits. j 

Authority. 




Bocks — coniinwed 


I 




! • 100 

j 57*0 

\j 

i 

I 

Poole, 1914. i 

Granite .... 

. 

■ \ 

1 500 

! 37-0 

Lava . . ^ . 


1 

i 

75-0-970 

H. P. Weber, 1911. 



; 16-100 

21-0 

1 

Morano, 1898. 

limestone .... 


-{ 

1 100 

350 

50-0 

32-0 

■1 

J 

Poole, 1914. 



[ 

l 

780 


Hecht, 1904 

Marble .... 


J 

• i 

! 

820 


H. E. Weber, 1911. 



1 

! 

710 


Lees, 1892. 



/ 

[ 50 

5*56 


Nuaselt, 1909, 



• 1 


6-0 


Herschell, Ledebour, and I>nnn, 1879. 

Slate 



1 94 

35*7 


Lees and Chorlton, 18^. i 

i 




Miscellaneous 


i 

Cement (Portland) . 



I 90 

7-1 


Lees and Chorlton, 1896. | 

(Hay tile .... 



1 20 

17-0 


Niven and Geddes, 1912. j 

Ebonite .... 



35 

4-2 


Lees, 1898. 

Glass (plate) 



20 

19-2 


Niven and Geddes, 1912. 1 

„ (22- oz. window) 



35 

24-5 


Lee.s, 1898. 

Garden mould (dry) 



' 20 

4-8 


Niven, 1905. 

Leather .... 



! 20 

3-29 

I \ 

Niven and Geddes, 1912. 

Linoleum .... 



1 20 

3-51 

|/ 

Naphthalene 



; 35 

9-5 

Lees, 1898, 

Paper 

Paraffin wax 



20 

20 

3-27 

6-65 

! \ 

Niven and C^eddes, 1912. 

Plaster of Paris 



20 

10-7 

Niven, 1905. 

„ „ (made up) 



20 

12-0 


B.A Cemmittee. 

Kubber .... 




4-5 


Lees, 1892. 

Sand (fine) 



20 

6-5 


Niven, 1905. 

Sulphur .... 


‘ f 

20 

6-15 


Nivm and (Jeddes, 1912. 


• \ 

35 

6-7 


Lees, 1898. 

Shellac .... 



35 

5-8 


Lees, 1898. 

Vulcanite .... 

* 


20 

4-21 


Niven and Geddes, 1912. 


It is not clear from the description given 
whether any special precautions were taken 
to guard against “ end effect ” due to the con- 
duction of heat at the ends of the heating wire 
and cylinder. Apart from this point the 
method does not seem to be open to criticism. 

(b) Pooled — ^This experimenter made use of a 
cylinder of material for measuring the conduc- 
tivity of rocks. The cylinder was heated 
axially by means of a wire dissipatmg a known 
amount of energy, and it was contained inside 
an electric furnace maintained at a constant 
temperature which ranged up to 600® C. 
Several modifications of apparatus were used, 
one of which is illustrated in Fig. 8. 

The furnace consisted of a copper tube 
wound with insulated nichrome "v^ire and 
contained in a lagged case. The specimen 
cylinder of reck A fitted roughly into the 
furnace, the ends of which CC were filled with 
pulped asbestos millboard. The cylinder was 
15 cm. long by 3*6 cm. diameter and had a 
hole bored down its axis. With a soft rock 
such as limestone, a hole as small as 1-5 mm. 

^ Phil. Mag., 1912, xxiv. 45, and 1914, xxvii, 58. 


diameter could be bored, but with hard rocks 
like granite or basalt the hole was nearer 
4*5 mm. in dia- 
meter. In the 
latter cases the 
hole was either 
filled in with 
cement, through 
which a smaller 
hole could then 
be bored, or the 
platinum heat- 
ing wire (0*3 
mm. in dia- 
meter) was 
wound with as- 
bestos cord to 
keep it central 
in the hole, A 
constant cur- . 
rent was ] 
through the 
wire, and the 
potential drop was measured on the central 
portion 10 cm. in length. By using a 
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cylinder relatively long compared to its 
diameter, and by measuring the energy 
dissipated in the portion of the wire well 
within ihe cylinder, the troublesome end effect 
found in preliminary exi>eriments was elimi- 
nated The difference in temperature of two 
isothermal surfaces and the mean of the 
temperatures of the surfaces were measured by 
means of couples of platinum and platinum- 
iridium 0-1 mm. in diameter. The couples 
were all in the central plane of A perpendicular 
to the axis, the cylinder being cut in half at j 
this point. The arrangement of the couples | 
is sho-wTi in Fig. 9, which is a plan of the 


difference in temperature between isothermal 
surfaces is adopted, the junctions of the 
I couples being, of course, in a longitudinal 
plane instead of a transverse plane as before. 

Poole made a study of the variation of 
conductivity of limestone, granite, nd basalt 
by means of his apparatus. He shows that 
the two former give decreases of conductivity 
with rise of temperature, while basalt shows a 
slight rise to about 200° C., aJ)ove which the 
conductivity is constant. On prolonged heat- 
ing all three materials show a permanent fall 
in conductivity, due apparently to small cracks 
in the rocks. 



Fig. 9. 


lower half of the cylinder. The junctions of 
the couples are fixed in circular grooves cut 
in the face, the grooves being connected by 
radial grooves for carrying the wires between 
the circular grooves and for carrying them 
out of the cylinder. It will be seen that the 
couples are arranged so that the mean E.M.F. 
gives the mean difference in temperature of 
the circular grooves. The diameters of the 
latter were respectively 2-61 cm. and 0*725 cm. 
They are V-shaped, 2*5 mm. deep and 1*5 mm. 
wide, while the radial grooves were 0*5 mm. 
deep. The couple wires were cemented in 
the bottom of the grooves, and the two half- 
cyiinders were cemented together. In the 
right-hand half -cylinder a groove was cut at a 
distance from the axis equal to the geometric 
mean between the radii of the grooves on the 
opposite face. A single couple, fixed iu this 
groove, thus served to give the mean 
temperature of the isothermal surfaces. 
The temperature difference between these 
isothermals was of the order of 10° C., while 
the mean temperature of the whole apparatus 
could be fixed at any point by an automatic 
control. The measurements were made when 
the steady state had been approximately 
reached, and a method is given for correcting 
for small departures from the steady flow. 
Poole also made use of a cylinder cut into two 
parts longitudinally instead of transversely. 
This has the advantage of enabling the axial 
groove to be made very small and accurate. 
A similar arrangement for determining the 


; (c) Clement and Egy . — A similar method to 

i those described immediately above was used 
I by Clement' and Egy^ for obtaining the 
I conductivity of fireclay bricks. The speci- 
mens were in the form of hollow cylinders 
heated by a coil of nickel wore wound on a 
porcelain tube fixed along the axis of the 
specimen. Two holes were bored parallel 
to the axis for the insertion of thermocouples. 

The method has the disadvantage that 
specimens were required of special form 
difiering from that in w^hich the material 
is used, and there would seem to have been 
some uncertainty in the measurement of the 
radial distances. 

(ii) Wall or Slab Methods . — ^A number of 
observers have determined the conductivity 
of materials of 
medium conductivity 
by experiments on 
walls or slabs. In the 
important class of re- 
fractoiy materials, the 
methods adopted by 
Wologdine, DougiJ], 

Hodsman and Cobb, 

Boyd Dudley, and 
Griffiths are described, 
while for other 
materials the work of 
Lees is referred to. 

(a) Wologdine . — An 
extended investiga- 
tion of the thermal 
conductivity of refractory materials of French 
manufacture was made by Wologdine. ^ 

A diagram of the apparatus he employed is 
shown in Fig. 10. The specimen under test was 
specially made in the form of a circular disc, 
5 cm. in thickness, with a bevelled edge forming 
a portion of the walls of a gas-heated muffle. 
The temperature gradient through the slab was 
obtained by embedding two platinum, platinum- 
rhodium couples at a depth of 5 mm. from each 
face. An additional thermo-element in the air 
near the hot face gave the furnace temperature. 

xxviii. 71 ; BvU. Univ. lUinois, 

1909, xxxvi. 

, ^ f Vi. 383, 433, trans- 

lated by Queneau. 
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The heat transmitted through the slab was ' 
measured by a flow calorimeter in the form i 
shown in the figure. 1 

The design of the calorimeter is the weakest i 
point in the method, since the presence of a ! 
cooled area on the upper surface must distort ’ 
the flow lines from normal A guard-ring j 
around the calorimeter would have eliminated * 
this source of error. I 

The couples were calibrated by reference | 
to the freezing-pomts of copper, common salt, 
and aluminium, together with the boiling- 
points of sulphur and naphthalene. With the 
exception of sulphur, the values assumed for I 
these fixed points are in fair agreement with the ' 
values accepted at the present time. For the i 
boiling-point of sulphur the value 455° was I 
taken instead of the generally accepted value 
445*5°. 

In the case of each material, samples were j 
fired at two temperatures, 1050° C. and 
1300° C., and it was found that the conduc- 
tivity increased with the firing temperature. ; 
Thus silica bricks fired at 1300° C. showed a ' 
value 50 per cent greater than those burnt at ; 
1050° C. Wologdine also found that thermal ! 
conductivity increased with temperature, 1 
except possibly in the case of chromite brick, 1 
for which the value was nearly constant, 

(6) Dougill, Hodsrrmnj and Cobb . — The ther- 
mal conductivities of some fire-clay, silica, and 
magnesia bricks were investigated by Dougiil, 
Hodsman, and Cobb.^ Their apparatus was 
somewhat similar to Wologdine’s, but designed 
to take ordinary sized samples. The heat 
transmitted was measured by the evaporation 
of water from a vessel cemented on to the top j 
surface of the brick. This calorimeter was | 
composed of a large vessel, 9 inches long by | 
wide by 3 inches high, with a plane base, j 
Within the larger vessel was fixed the calori- ; 
meter proper, consisting of a chamber 4 inches i 
long by 2 inches wide by inches high. I 
Steam distilling from this inner vessel passed i 
through a sloping tube to a condenser, the j 
water being collected in a measuring jar. j 
The usual rate of evaporation was about 
5 C.C. per minute. The authors state that it ! 
was found advantageous to surround the inner j 
chamber with a non-conducting jacket, and I 
for this purpose sheet rubber was found to be i 
satisfactory. 

Probably it would be better if, in this 
method, the calorimeter was entirely sej>arated 
from metallic connection with the larger 
vessel, siace the existence of a slight gradient ' 
of temperature across the metal base might i 
seriously vitiate the results. ! 

An interesting fact brought out by the j 
investigation is the marked decrease with j 

temperature in the thermal conductivity of j 

magnesia brick. j 

^ Joum. Soc. Chem. Ind., 1915, xxxiv. No. 9, 465. 1 


(c) Boyd Dudley . — Experiments on fire-clay, 
silica, and magnesia bricks of American 
manufacture were carried out by Boyd 
Dudley. 2 The material under test constituted 
one wall of a furnace heated by means of 
by-product coke. By careful regulation of 
the draught a uniform combustion through a 
depth of 26 inches was obtained. The bricks 
composing the wall were 9 inches by 4^ inches, 
and built so as to produce a flat surface. 
The heat transmitted through a definite area 
of the wall was measured by a flow calorimeter 
8 inches by 8 inches, fitted with a guard-ring. 
A period from eight to nine hours was allowed 
to elapse after starting the fixe before observa- 
tions were commenced. 

The temperature gradient through the 
bricks was obtained 
by means of a plat- 
inum, platinum- 
rhodium couple in- 
serted to various 
depths in holes bored 
to within J inch of 
the inner face, 
measurements being 
made every J inch to 
within 
cold 
This 

ascertaining 


Constant 
Head Tank 



Fig. 11. 


perature at various points is simple, but suffers 
from the disadvantage that the couple wires 
are perpendicular to the isothermal planes and 
the readings may be vitiated by conduction 
along the wires cooling the junction. 

Dudley found that the conductivity of 
magnesite was practically constant between 
445° and 830° ; which is contrary to the 
results of Dougiil, Hodsman, and Cobb. 

(d) Griffiths . — An apparatus used by Griffiths® 
for measuring the conductivity of slabs of 
refractory materials is illustrated in Fig. 11. 
The faces of these materials are always 
irregular and are generally slightly curved, 

* Met. and Chem. JEng.^ 1915. p. 315. 

* Trans. Faraday Soc., 1917, xii. 199. 
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so that it is difficult to obtain a uniform 
surface temperature. With a view to meeting 
the difficulty the heat was transmitted to the 
hot face of the brick by means of molten 
metal, which adapts itself to the irregularities 
of the surface. Tin was found to be satis- 
factory for the purpose at low temperatures. 
It was contained in the cast-iron tray T, 
which has a uniformly distributed heating 
coil attached to its under surface. The depth 
of the molten metal is about 1 cm., and the 
brick under test rests on three projections, 
so that the free surface of the tin around the 
edges stands at a level of about 2 mm. above 
the immersed surface of the brick. 

The temperature of the molten tin was 
obtained by means of a platinum-platinum- 
iridium couple. The details of the construet- 
tion of this Qouple are shown in Fig. 12. 

A The wires were separ- 
H ately insulated in the 
y quartz tubes, which are 
enclosed in an outer 
sheath, the 
external 
diameter 
of which 
was ap- 
proximately 5 mm. The 
bulb B was sealed off in 
the oxycoal-gas blowpipe 
after the insertion of the 
wires, and no difficulty 
was found in bending the 
tube into the L form with 
the wires in. situ, pro- 
vided the heating was 
not unduly prolonged. 
By rotating the couple 
the temperature distribu- 
tion over a wide arc 
could be explored, and 
the insulation of the 
quartz was sufficiently good to prevent any 
leakage from the heating circuit into the 
potentiometer. 

.The temperature of the cold surface of the 
brick was determined by several iron-eureka 
(constantan) thermocouples bedded just flush 
with the surface. The calorimeter was at- 
tached to this surface by means of a thin 
layer of Purimachos cement. 

The construction of the flow calorimeter 
will be understood from Fig. 11. The guard- 
ring G is separated from the calorimeter 
proper C by a narrow gap about 1 mm. wide, 
the space heiug filled with mica plates M set 
on edge so as to produce a level surface. The 
inflowing water divides at D, and flows through 
adjacent turns of piping in the calorimeter 
and the guard-ring. Since the temperatures 
of the two streams are the same, this tends to 
eliminate any gradient of temperature across 




Pig. 12. 


( 


the gap separating the calorimeter from the 
guard-ring. The ratio of flow was adjusted 
to produce equal temperature rise. Differen- 
tial couples of six pairs of copper-constantan 
measured the rise in temperature in the water 
flowing through the calorimeter. The tube 
containing the inflowing couple is separated 
from metallic contact with the calorimeter 
by a short connecting piece of ebonite E. 
A steady stream of water is obtained by the 
constant-level tank shown, and the rate of 
flow through the calorimeter determined by 
the time required to collect one litre of water. 

In order to detect any systematic errors the 
experimental conditions were varied by alter- 
ing the rate of flow, changing the differential 
couples, and the thickness of slab experimented 
on. 


In experiments at temperatures above 450° 
the hot face was maintaiued at a uniform 
temperature by pressing it against a flat iron 
plate forming a portion of the wall of a large 
uniformly heated muffle. In this case the 
hot-face temperature was determined by two 
bare nickel-copper, nickel-chromium couples 
of No. 19 gauge wire cemented on the 
surface. 

Data for the same sample over the same 
temperature range obtained by two different 
modes of heating were in close agreement ; 
the molten metal bath method giving more 
concordant resxdts than the muffle method. 

(e) Lees . — Lees ^ has determined the con- 
ductivity of small thin slabs of material by 
means of a somewhat novel method. His 
arrangement is shown diagrammatically in 
Fig. 13. A small hot plate is formed of two 







Copper C 




Copper U 


Substance S 

Copper IVl 





Fig. 13. 


copper discs C and U, between which is 
sandwiched a heating coil of platinoid insulated 
by mica. The thickness of the coil with the 
insulation was T1 cm., the thickness of C 
*103 cm., and 17-312 cm. 

S was the substance whose conductivity 
was to be measured, while M was another 
copper disc -32 cm. thick. The contacts of 
S- with TJ and M were improved by smearing 
the surface with glycerine and sliding them 
together. The diameter of aU the discs was 
4 cm. At opposite ends of a diameter of 

^ PhU. Tram. Roy. Soc., 1898^ cxci. 399. 
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each, copper disc were soldered a platinoid 
and copper wire which formed a thermo- 
junction for the measurement of tempera- 
ture. 

When the discs had been assembled they 
were varnished to give them the same emis- 
sivity, and the pile was suspended in a 
constant temi>erature enclosure. The current 
was switched on in the heating coil, and after 
a due time had been allowed for the steady 
state to be reached, the energy was measured 
and the temperatures of the three copper 
discs. 

The theory may be briefly stated as follows : 

let H=rate of energy supplied to the heating 
coil, 

A=heat lo®5 per second per sq. cm. for P 
, excess, of temperature of the discs oyer 
that of the enclosure, 

«'=the excess of temperature over that of 
the enclosure, 
thickness of disc. 

r=radius of the discs. 


Now the heat received per second by the disc if 
and given up to the air is 



Similarly the heat received by S and given up to the 
air from its exposed surface or passed on to M is 

^1 rjt + Tr^~ (-^^) ■ 

If K is the thermal conductivity of the disc S, thwi 
the heat flowing through the disc is 


Assuming that the heat flowing through the disc to 
be the mean of the heat flowing into and out of the 
disc, i.e. the mean of the first two quantities above, 
we get 



=•* 4- 




% 




))■ 


Which gives us a relation between K and A. 
Further, the total heat imparted to the system 
must equal that ^ven up to the air from all 
the exposed surfaces, and therefore we get the 
equation 


H = 7rr-A -f r(- 




r to . 


t?U|' 4" t^-r: 


- vMt: 






From these two equations the values of K 
and A can be determined by measuring H and 
the temperatures of the discs. 

Lees worked out the* correction for the 
conduction of heat along the thermocouple 
wires and the leads to the heating coil. 

He used this method for determining the 
conductivity, and variation of conductivity 


i with temperature, of a number of substances, 
such as glass, sulphur, ebonite, shellac, fibre, 
naphthalene, lard. He also extended this 
method to apply to liquids in the manner 
described below f§ (7 ii.)). 

§ (5) SoLms : Metals (K = 0-015 to 1-00). — 
The class of metals is distinguished by its 
! high conductivity alike of heat and electricity. 

I This is explained by the supposed dependence 
I of the two phenomena on the diffusion of 
electrons, and a mathematical relationship 
has been established between them which, 
as will be shown below, is partially confirmed 
by experiment. In the non-metallic solid, on 
the other hand, the electron is supposed to 
be capable of vibration only, so that heat 
conduction is assumed to be due to internal 
radiation. While this theory explains the 
known facts better than any yet advanced, 
it should be pointed out that it fails to account 
for the fact that some dielectrics have a higher 
conductivity than the worse conducting metals, 
e,g. the conductivity of quartz parallel to the 
axis (K = -029) is greater than that of bismuth 
(E: = 0-016 to 0-019). 

The conductivities of metals range from 
0-015 to 1-00 C.C4.S. units. Practically all the 
pure metals have a small negative coefBcient 
of conductivity with rising temperature, while 
the alloys show a positive coefficient. 

The high conducting power of metals gives 
rise to certain modifications in the types 
of apparatus described above. Thus it is 
necessary to use a consdderahle thickness of 
metal to obtain appreciable temperature 
gradients, and the measurement of the bound- 
ary temperatures is* very difficult. This 
latter point is well illustrated by the early 
experiments in which a slab of metal was 
heated on one side by steam or hot water and 
cooled on the other side by ice or cold water. 
Lmder these conditions the temperatures of 
the faces of the metal were assumed to be 
those of the steam, ice, or water as the case 
may be. Acting on this assumption, Clement 
obtained a value for the conductivity of copper 
which was 200 times too low, wMe P^let, 
who was aware of the source of error in 
Clement’s work, and took extraordinary 
precautions to secure efficient stirring, still 
obtained a value for copper which was about 
one-fifth of the true value. The difficulty 
is due to the fact that, even with the most 
v^orous stirring, there is always in contact 
with the metal surface a thin film of fluid 
which is at rest, and thus has a temperature 
gradient through it. If d is the thickness of 
the metallic plate (of true conductivity K) 
and and of the stationary films of fluid 
(of conductivity K') on each * side, it can 
easily be shown that the effect of assuming 
the temperatures of the metallic surfaces to 
be those of the moving Hquid on each side 
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is to give an apparent conductivity of the 
metal equal to the true conductivity divided by 

K 

K' d * 

111 the case of copper and water the value of 
E/K' is about 700, so that the value of and 
cZg would only have to be of the thickness 
of the copper to obtain an apparent con- 
ductivity one-fifth of its true value. 

(i.) Plate Method. Ball . — In spite of the 
difficulties mentioned above, the plate method 
has been used — notably by HaU,^ to whom 
is due an ingenious method of determining 
the difference in temperature between the two 
faces of a thin metal plate. 

He experimented with a disc of iron 10 cm. 
in diameter and 2 cm. thick. Each side of 
the disc was coated with copper to a thickness 
of 2 mm. By attaching a copper wire to 
each side a differential thermocouple was 
obtained the E.M.F. of which gave the 
difference in temperature between the two 
surfaces of the disc. Hah had a number of 
copper wir^ attached to the copper faces, 
which were immersed in streams of water at 
different temperatures. The heat coming 
through the disc was given by the rate of flow 
of the cold water (about 20 gm. per second) 
and the rise in temperature (about 0*5® C.). 
The difference in temperature between the 
faces of the iron disc was of the order of 
1® C., which corresponded to 10 microvolts 
of the differential couple. The individual 
wires gave readings differing by as much 
as 10 per cent, which was a serious source of 
uncertainty. Hall obtained values of con- 
ductivities as foUows : 

Cast iron, 0*1490 C.G.S. units at 30® C., temperature 
coefficient — 0’00075. 

Pure iron, 0* 1530 C.G.S. units at 30® C., temperature 
coefficient -0-0003. 

The value for pure iron is in good agreement 
with recent determinations, while the value 
for cast iron seems to be too high. 

(ii.) Bar Methods . — For the reasons which 
have been indicated above, bars have been 
commonly adopted instead of plates for the 
purpose of conductivity measurements. 

(a) Forbes . — One of the earliest methods of 
determining the conductivity of a metallic 
bar was that due to Forbes. He took a long 
bar kept at a fixed temperature at one end. 
VThen the steady state of heat flow had been 
reached, the temperature at a series of points 
was measured by means of mercury thermo- 
meters let into holes in the bar. By plotting 
these observations and drawing a smooth 
curve through* them, the complete temperature 
distribution along the bar was determined. 
The tangent to the curve at any point gave 

^ Proc. Amer. Acad.^ 1898, xxxiv. 283. 


I the temperature gradient iddjdx) at that 

! point. 

j To obtain the heat flowing across the 
particular cross-section of the bar, Forbes 
determined the total heat loss from the 
surface between this section and the cool 
end of the bar — the two quantities are 
obviously equal. For this purpose a separate 
experiment was made on a similar bar which 
was uniformly heated and left to cool in the 
same surroundings as the first bar. From 
the rate of cooling of this bar and a knowledge 
of its heat capacity, the rate of heat loss per 
unit area could he determined for any tempera- 
ture. The data obtained were used for com- 
puting the heat loss from the surface of the 
first bar, measured from the particular cross- 
section. The temperature gradient having 
been determined in the first experiment, the 
conductivity was at once obtained. 

Forbes used for the first experiment, 
which has been called tbe “ static ” experi- 
ment since it dealt with the steady state of 
heat flow, a bar of wrought iron 8 feet long 
and IJ inch square section- The hot end of 
the bar was fixed into any iron crucible which 
was maintained at the temperature of melting 
lead or solder. The experimental conditions 
were varied by having the metal bright 
polished in one ease and covered with white 
paper applied with a little paste in another 
case. The surface emissivity in the latter 
condition was eight times that in the former. 

For the second or “ dynamic ” experiment 
in which the emissivity was determined for 
various temperatures, a bar of tbe same 
material and cross-section was used, but only 
20 inches in length. 

Forbes obtained the conductivity of wrought 
iron for a number of temperatures up to 200° C. 
He assumed, however, that the specific heat 
of iron was constant, whereas it increases by 
some 10 per cent for every 100° C. rise. For 
this reason Forbes’ values are obsolete. When 
corrected by Tait and hlitehell, they were 
brought more into line with modem values 
but were stiU unsatisfactory. Apparently 
another source of error arises from the fact 
that the “ dynamic ” experiment does not 
give the true emissivity coefficients applicable 
to tbe “ static ” experiment, owing to the 
temperature distribution inside the bar being 
different in two cases. This would not, 
however, account for the large discrepancies 
in the experiments, of which no satisfactory 
explanation has been given. Thus Forbes, 
using two bars respectively l:^-inch and 1-inch 
square section, obtained values differing by 
some 20 per cent, wtoe Mitchell repeating the 
experiments on one bar and cooling it in the 
centre obtained a value differing by 8 per cent. 

In spite of tbe criticism that has been 
levelled at it, Forbes’ experiment is interesting 
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as being the first attempt to determine the 
conductivity of a metal in absolute measure. 
His method has been followed, with improve- 
ments, by a number of experimenters, notably 
Mitchell, Stewart, Lees, Callendar, and 
Nicholson.^ The two last-mentioned made 
several important modifications in the method. 
To avoid uncertainties of surface loss a large 
bar 4 inches in diameter was used and the loss 
from the bar was reduced to a q^uarter by 
lagging. The end of the bar, which was 
4 feet long, was surrounded by a calorimeter 
and cooled by a stream of water. The rate of 
flow of the water and the temperature rise gave 
the quantity of heat passing out at the end of 
the bar. The heat leakage through the lagging 
could be computed and was only a small fimc- 
tion of that absorbed by the caioiimeter. 
The uncertainties of Forbes’ method are much 
reduced by the above-mentioned modifications. 
The apparatus is illustrated in Fig. 14. 

Griffiths ® has also made use of a giTnilar 

^ Encyel. Brit. 11th Ed. art, “ Conduction of Heat.” 

® Advisory Committee for Aeronautics, Light AUous 
Sub-Committee Report, No. 7, November 1917. 


naethod for measuring the conductivity of a 
series of aluminium alloys, intend^ for 
aeroplane engines, up to a temperature of 
350° C- In Ms apparatus the heat was 
supplied by a nichrome strip wound on one 
end of a bar, while on the other end a spiral 



pipe was wound which acted as a flow calori- 
meter. The electrical input into the heating 
coil was found to equal the amount of h^t 
flowing out through the calorimeter plus the 
amount lost laterally through the lagging, 
so that the thermal balance sheet was checked. 
Some of the results obtained by Griffiths are 
given in Table III. 


Table HI 

Metals ajtd Alloys 


Substance. j Temperature, j 


K. 

C.G.S. Units. 


Authority. 


Aluminium, 99% Al 


Antimouy 


Bismuth 


Cadmium 


Copper 


Gold . . 

Ircm (pure) 



(wrought) . . . - 

(cast). 2% C: 3% Si: 1% Mu | j 


Metcds 


-160 

•514 

18 

-504 

18 

-480 

100 

-492 

120 

-48 

0 

-044 

100 

•040 

15 

-042 

-186 

•025 

18 

-0194 

100 

-0161 

-160 

•239 

18 

•222 

100 

-216 

-252 

i 4-8 

-160 

1-079 

18 

; -918 

100 

1 -908 

-252 

3-5 

18 i 

! -700 

100 

•703 

18 

•161 

100 

•151 

-160 

•152 

18 

•144 

100 

•143 

54 1 

•114 

102 i 

1 -111 


} 

1 

J 

I 

\ 


Lees,* IQOg. 

J. and r>.,t 1900. 
Angel], 1911. 
Lorenz, 188L 

Berget, 1890. 
Maochia, 1907. 

J. and D., 1900. 
Lees, 19C^. 

J. and H., 1900. 

Meifffmer, 1915. 
Lees, 1908. 

J- and B., 1900. 
Meissner, 1915. 

J. and B., 1900. 

Le^, 1908. 

J. and B., 1900. 

Callendar. 


* Lees’ values at 18® C. may be taken to agree with those of Jaeger and Diesselhorst, except when 
they are given sepamtely. 

t J. and B. signifies Jaeger and Biesselhorst. 
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Table in. — wntinucd 


Temp^tuie. 


K. 

C.G.S. Units. 


Authority. 


Metals — continued 


! Ainmi-nimn alloys 
I 1-5 Mg: 3 Ni: 8 Cu: 88-5 AI . 

j 1 Mn : 8 Cu : 91 A1 . . 

1 

' lNi:8Cu:91Al . . . 

2Fe:8Cu:9aAl . . . 

Brass, 70 Cu : 30 Zn. 

j Bronze, 90 Cu : 10 Sn 

I Constantan, 60 Cu : 40 Ni 
Grennan silver or platinoid, 62 Cu : 
15 Xi : 22 Zn 

Lipowitz alloy, 50 Bi : 25 Pb : 14 Sn : 
11 Cd 

Manganin, 84 Cu : 4 Xi : 12 Mn 
Wood's alloy 


^ Grifiatbs, 1917. 

I Lees, 1908. 

I Griffiths, 1917. 

I J. and D., 1900. 

1 Lees, 1908. 


Iron (cast), 3-5% C : 1-4 Si: 5% Mn 

i 

! 30 

•149 

Hall, 1898. 

1 -160 

•113 



18 

•115 

j- Lees, 1908. 

Steel 1%C - 

i 

•108 

j- J. and D., 1900. 

1. 

i 100 

-107 

j' 

' -252 

-11 

Meissner, 1915 

Lead ' 

1 -160 

•092 

Lees, 1908. 

I 18 

-083 

j" J. and D., 1900. 

1 

i 100 

-082 

Magn^um ..... 

' 0-100 

-376 

Lorenz, 1881. 

f 

1 17 

-0197 

R. Weber, 1903. 

Mercury 

, 30 

-0201 

Berget, 1900. 

1 

1 15 

•0201 

Xettleton, 1913. 

Xickel, 99^0 .... 

-160 

-129 

Lees, 1908. 

f 

„ 97% Xi . . . . 1 

f 

! 18 

1 100 

•142 

•138 

r J. and D., 1900. 

18 

-168 

Palladium a 

100 

-182 

J 

f 

! -252 

-83 

Meissner, 1915. 

Platinum -! 

! 18 1 

-166 



1 lOO 

•173 

1 J. and D., 1900. 

j 

! -160 

-998 

saver 

1 18 

•974 

J- Lees, 1908. 

18 

1-006 

I J. and B., 1900. 

1 

! 100 

•992 

1 

1 -160 

-192 

Lees, 1908. 

Tm 4 

j 18 

■155 

1 J. and B., 1900. 

1 

1 100 

•145 


i 

! -35 

Coolidge. 

j 

Tungsten 

0 

-383 

S. Weber, 1917. 

2100 i 

I -273 

’ Langmuir, 1917. 

1 

i - 2100 1 

•342 

Worthing, 1914. 

f 

i -160 i 

-278 

Lees, 1908. 

ISnc 

18 ] 

-265 

1 ^ 

1 

1 100 1 

-262 

j- J. and B., 1900. 

j 

AUoys 




I J. and D., 1900. 

H. F. Weber, 1879. 
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(6) Berget . — Berget ^ made use of a guard- 
ring method for the purpose of determining 
the conductivity of a number of metals such 
as copper, iron, brass, mercury. The arrange- 
ment of the apparatus used for the mercury 
determination is shown in Fig. 15. A cylin- 
drical column of mercury was contained in a 
glass tube AB, which was surrounded by an 
annular column of mercury which acted as a 
guard-ring. The surface of the mercury 
columns was heated by steam, and the base of 
the outer column rested in an iron plate C 
which was cooled by ice. The tube carrying 
the central column of mercury projected 
through the iron plate into a Bunsen ice 
calorimeter as shown. The temperature dis- 
tribution was determined by means of four 
iron wires which projected into the central 
column. Each pair of these wires, with the 
intervening mercury, formed a differential 
iron-mercury couple which gave the difference 
in temperature between the ends of the two 
iron wires. The distribution of temperature 
was found to he linear when the steady 
state has been reached. The ice calorimeter 


'\^ ‘ff 




Fig. 16. 


Fig. 15. 

gave the quantity of heat passing through 
the column, and thus the conductivity was 
obtained. 

Berget’s value for mercury of 0-0201 is in 
close agreement with recent determinations 
such as that of Nettleton. Having obtained 
^ Jour, de Phys., 1888, \ii. 503. 


the value for mercury, he measured the 
conductivity of other metals by comparison. 
A column of mercury was superpos^ on a 
column of metal, each surrounded by a guard- 
rinff, and from a comparison of the tempera- 
ture gradients the conductivity was deduced. 

(c) Lees . — Lees - determined the conductivity 
of a number of pure metals and alloys over 
a range of temperature 
from - 180° C. to 30= C. 

Eds apparatus is illus- 
trated in Fig. 16. 

R was a rod of metal 7 
or 8 cm. long and about 
0-5 cm. in diameter. The 
lower end fitted into a 
copper disc D, which 
formed the bottom of a 
copper cylinder T closed 
at the top. A, B, and C 
were three thin brass 
sleeves, fitting closely to 
the rod with which good 
thermal contact was 
secured by a film of olive 
oiL Of these A and B 
carried platinum coils for 
the measurement of tem- 
perature while C carried 
a heating coil of platinoid 
wire. The copper cylin- 
der T was placed on a wire frame rating on the 
bottom of the Dewar flask V. Around the 
outride of T was wound a platinoid wire p of 
the same resistance as the heating coil C, and 
whenever the current was switched off from C 
it was switched on to p, so that the rate of 
heat supply to the apparatus as a whole 
was constant throughout the experiment. A 
further heating coil P wound on T enabled 
the temperature of the apparatus to be raised 
rapidly if desired. 

The experiments were started at liquid-air 
temperature. The current was switched on 
to C unto a suitable diflerence of resistance 
(generally equivalent to about 5° C.)^ was 
obtained between A and B. The current was 
then switched on to p, and after five or ten 
minutes the difference in reristance between 
the coils A and B was again measured, as well 
as the actual resistance of the lower one A. 
The difference in temperature between A and 
B when the heating current flowed round C, less 
the mean difference in temperature (before 
and after) when the current was flowing 
through p, gives the difference in temperature 
which would be produced if the heating current 
were continued ia C and the surrounding tube 
T kept at a constant temperature, i.e, assuming 
the rate of rise of temperature of the apparatus 
was constant which was secured, as explained 
above. 

* Lees, Phil. Tram. Roy. Soc., 1908, ccriii. 381, 
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While the general theory of the exx>eriinents 
was simple, they are remarkable for the skill 
and care with which T-ees explored the various 
sources of errur. Thus the sleeves were of 
appreciable length and size, but formulae were 
obtained giving the approximate effect of the 
dimensions of the sleeves and of the small 
diSerenee in temperature betw’een the rod and 
platinum resistance coils on the sleeves. 
Again corrections were worked out for the 
eSect of the leads to the heating coil C and the 
platinum coils A and B, while the fact that 
the oliservations did not apply strictly to the 
steady state of temperature distribution was 
shown to be of small effect. 

Lees’ experiments over the range from 
- 170° to 30° C- confirmed generally the con- 
clusions of Jaeger and Biesselhorst — from their 
work between 0° and 100° C. — ^that the pure 
metals show a slight decrease in conductivity 
with rise of temperature. He did not, how- 
ever, find that the maximum conductivity 
always cxjcurred at the lowest temperature. 

The electrical conductivity of the metal 
rods was also measured by Lees, and Ms 
conclusions as to the relation between thermal 
and electrical conductivity will be referred to 
later (§ (10 i)). 

(iii) Electrical Methods . — Several methods 
for measuring the conductivity of a bar of 
metal have been proposed in which beat is 
supplied by passing an electric current through 
the bar itself. If the ends are kept at a con- 
stant temperature, there will be estabhsbed j 
throughout the bar a certain distribution of j 
temi)eratuxe, which wiQ depend on the strength 
of the electric current, the electrical and 
thermal conductivity of the material, and the 
heat less (if any) from the surface of the bar. 

(a) KoMraiLSch : J aeger and DiesseUiorM . — 
Kohlrausch ^ took the case where all heat loss 
from the surface of the bar was prevented. 
Calling 

K= thermal conductivity, 
electrical conductivity, 

6 — temperature at any point, 
r = electrical potential at any point, 

he obtained the following solution of the 
differential equations for thermal and electrical 
equilibrium : 

where A and A' are constants. Hence, by 
determining the temperatures and potentials 
at three points, A and A' can be eliminated, 
and we get 

Kohlrausch also showed that if the conductor 
is of any shape, and is thermally and electrically 

^ Preitss. Akad. Berlin, 1899, xxxvlii. 711. 

Abh. Phys. Tech. ReieJi., 1900, iii. 269. 


insulated except for the two areas through 
which the current is supplied and through 
which heat is abstracted, the same solution 
holds. Hence, if holes are drilled in a bar for 
the purpose of inserting thermometers, the 
method will still be exact, provided that the 
temperatures and potentials are measured at 
the same points. 

Jaeger and Diesselhorst carried out Kohl- 
rausch's method into practice. They took 
cylindrical bars of metal, 25 cm. long and 
generally about 2 cm. in diameter, with their 
ends fitted into copper blocks, which were 
screwed into large water-baths. The bar was 
surrounded by a cylindrical jacket, kept at a 
constant temperature by water or steam circu- 
lating outside it, the space between the bar 
and the jacket filled with wadding. There 
was, of course, a certain amount of heat loss 
through the wadding, which was estimated 
by varying the temperature of the jacket 
surrounding the bar. For the discussion of 
this and other corrections, reference must he 
made to the original paper. The temperatures 
were measured by thermocouples. 

The determination of the temperatures and 
potentials at three points gives the ratio of 
the thermal and electrical conductivities, and 
the latter constant being easily determined, 
the thermal conductivity was obtained. 

Jaeger and Diesselhorst carried out a very 
extensive investigation on a number of pure 
metals and a few alloys for temperatures 
I between 18° and 100° C. They found that 
I pure metals, with one or two exceptions, 
showed a slight decrease of conductivity with 
increasing temperature, and that they obeyed 
approximately Lorenz’s law — that the ratio 
of the thermal and electrical conductivities 
divided by the absolute temperature is a 
constant. Lorenz’s constant showed a slight 
positive temperature coefficient. 

Their work represents a most important 
contribution on the subject of conductivities, 
and their values have been amply confirmed 
by subsequent observers. 

The method of Jaeger and Diesselhorst 
has been used by Meissner® for measuring 
conductivities down to a temperature of 20° 
abs. His work confirmed generally the values 
of Lees, but he found that both the resistivity 
(1/K) and Lorenz’s constant decreased rapidly 
as the temperature of liquid hydrogen was 
approached, showing a reduction at 20° abs. 
of about 85 -per cent on the value at 0° C. 

(6) GaHendar. — Callendar^ has also devised 
a method of determining the conductivity of a 
rod of metal which is heated by the passage 
of an electric current. The ends of the rod 
are kept at constant temperature by insertion 
into water-cooled copper blocks. The rod is 

* Deutsch. Phys. GeseU. Vffrh., 1914, xvi. 262. 

^ Encycl. Brii. 11th Ed. “ Conduction of Heat.” 
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also surrounded by a jacket at the same ] 
temperature, which is taken as the zero of 
reference. If Rg is the resistance . x>er unit ! 
length of the rod at the zero temperature, a ' 
is its temperature coefficient, then the resist- I 
ance of a small element of the rod at a distance 
X from the centre is 

R^fl ■rad)dx. 

The heat generated in this element by the 
passage of a current C is 

C^R^d -hai9}dx. 

As there is a gradient of temperature from 
the centre of this rod to the ends, heat will 
pass through the element dx by conduction, 
and the excess of heat entering the element by 
conduction over that leaving it will be 

KAj-^dx, 

dx^ 

K being the conductivity and A the area of 
the cross-section of the har. When the steady 
state has been reached, this excess of heat 
will be balanced by the heat loss due to 
radiation and convection from the surface 
of the element, less the heat generated in the 
element by the passage of the current. By 
Newton's law the former quantity will he 
'BpQdx, E being the surface emissivity and p 
the perimeter of a cross-section of the rod. 
Equating these quantities we get ^ 

+ c.e)=-&pe--KA^. 


small change of resistance accurately, and of 
avoiding stray thermo-electric effects. 

Duncan,® using this method, found the 
conductivity of copper at 33° 0. to be 1*007, 
which is about 8 per cent higher than that 
obtained by J aeger and Ehesselhorst. 

(r) MendenhuUand Angell. — Another example 
of an electrical method is that suggested by 
Mendenhall, and described in a paper by 
Angell,^ for measuring the conductivity of 
metals at high temperatures. 

If a cylindrical rod is connected at its ends 
to two heavy electrodes and heated by a con- 
stant current, there will be a rising temperature 
gradient from the ends towards the middle 
of the rod. This longitudinal gradient will 
decrease as the middle is approached, and for 
an appreciable distance on each side of the 
centre will be negligible. There will be no 
tendency, therefore, for the heat generated in 
this portion of the rod to flow towards the ends. 
The temperature gradients will be radial, and . 
the heat will flow radially and be dissipated 
at the surface. Consider now a length of rod 
I within the central zone. Let r be the radius, 
E the fall of the potential per centimetre, I 
the current density (which is assumed uniform 
over the cross-section), 0^ tempera- 

tures at the axis and circumference resi)ectively. 

Then, since the heat generated within any 
cylindrical surface of radius r passes radially 
to the sorfece, we have 

xr»IEZ= 

dr 


The current C is so adjusted that C®RQa=Ep, I Integrating we get 
i.e. that the loss of heat from the surface of | 
the rod is compensated at all points by the 

increase of reastance with rise of temperature. The above formula depends on the assumption 
The equation then reduces to ’ that the current density is uniform over the 

d^d C®R« ^ cross-section. This is not strictly the case, 

— constant. since there is a temperature gradient from the 

axis to the circumference which gives rise 
So that, 21 being the length of the rod, to a variation of resistivity. Angell shows, 

^ ^ ; however, that for metal rods of less than 2 

^ diameter the effect of the variation 
^ ^ ^ T, . ^ j. is negligible. In the actual experiments a 

This gives the tem^rature at points of the cylinder was used, and the formnia in 

rod, and it can be shown that the mean 

temperature is C®Rg®i®/3KA. Hence, if R„i ; El rr ® — r ® r '\ 

is the mean resistance per unit length, we get ; 9 ^ ^ / • 


^”3A(R«-Ro)- 

The distribution of temperature is always 
nearly parabolic, if the di m ensions of the rod 
are suitably chosen. It is not therefore 
necessary to set the current to the value 
Ep/R^a very accurately, as the correction for 
external loss is small in any case. The chief 
source of error is in the measurement of the 

^ The heat developed hy the Thomson effect is 
very small and is eliminated by keeping the two ends 
at the same temperature. 


By measuring the dimensions of the cylinder, 
the values of E and I, and the temperatures 
of the inner and outer surfaces, the value of 
K was obtained. 

The apparatus used is illustrated in Fig. 17. 
The metallic rod was 1*2 cm. in diameter and 
about 15 cm. long. An inner hole wels bored 
through the rod 0*17 cm. in diameter, and 
this was enlarged, as shown in the figure, 
except for the central length of 3 cm. The 

» McGiU CoU. RepoH, 1899. 

* Phys. 1911, xxxiii. 421. 
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resistance on each side of the central x^ortion 0-125 at 300° C. to 0-07 at the critical tempera- 
being thus increased, the heat generated ture ot 700° C. Between 700° and 1200° the 
towards the ends was greater and the portion conductivity decreases slowly to a value 0-06. 
of the rod with no longitudinal gradient was The method is an interesting attempt to 
increased Thus at 1000" G. the variation in measure conductivity at high temperatures, 
temperature over 1 cm. length in the centre Its success depends entirely on the accuracy 
was less than 0-1 per cent. with which the small gradient of temperature 

The temperature inside the rod was measured between the axis and surface of the rod can 
by a fine platinum, platinum-rhodium couple be measured. This must be considered as a 
with a junction at the centre. The measure- drawback, having regard to the experimental 
ment of the surface temperature presented difScnlties in measuring the surface tempera- 
great difficulties. A fine thermo- junction was ture. Further, it is not clear that the longi- 
tudinal gradient in the central 
portion of the rod, though 
very small, was negligible 
compared with the radial 
gradient. 

(d) Worthing^ Langmuir . — 
Somewhat resembling the 
two methods described im- 
mediately above is that due 
to Worthing ^ for determin- 
ing the conductivity of lamp 
filaments to a temx)erature 
of 2100° C. 

If is the rate of heat 
production, and E the rate 
of radiation per unit area, at 
any point on the filament, 
Fig. 17, the maximum values being 



rolled out to a thickness of -01 mm., and the 
wires were attached to two springs S as shown. 
By rotating in opposite directions the rings 
to which the springs were attached, the con- 
necting wires assumed a diagonal position 
relative to the rod, and brought the junction 
in contact with the surface, which was highly 
pjolished- In order to get a uniformly radiating 
surface at the junction, a small piece of the 
rod material was rolled to a thickness of 0-01 
mm., placed over the junction, and held in 
position by a weight^ quartz fibre. The 
rod and connections were surrounded by a 
water-cooled enclosure, which could be ex- 
hausted. 

For energy supply a welding transformer 
was used, capable of furnishing 1700 amps 
alternating at a voltage of 2^. The energy 
was determined by measuring the current and 
ma king a separate experiment to determine 
the resistance of the central centimetre of the 
rod. For this purpose the rod was turned 
down to a small diameter and the volt drop 
measured on the central centimetre for a 
known current. The resistance of the original 
rod at various temperatures could thus be 
calculated. 

Angell used the above apparatus to deter- 
mine the conductivity of aluminium and nickel 
He found that the former increased in con- 
ductivity from 0-49 at 100° 0. to 1-0 at 600° C., 
while nickel decreased in conductivity from 


and E,„ at the middle 
of the filament, and if 2 is the distance 
measured along the filament, the total length 
of which is 2L, then he derives the expression 


^~r{dTldl)Ji 




The fuU details of the experiments cannot he 
given here, but they resolved themselves into 
determining E as a function of T and of I, 
and w as a function of 1. Worthing found, 
for example, that E = a-T^, where /3 = 5-35. 

His conclusion as to the conductivity of 
tungsten was that it varied from -234 C.G-.S. 
units at 1200° to *342 at 2100° C. Tantalum 
showed a change from -174 at 1400° C. to 
0-198 at 1800° C., while carbon gave values 
of -0201 and -0210 at the two temperatures 
just named. 

Langmuir ® also considered the question 
of conductivity of tungsten at high tempera- 
tures. His value for /3 was 4-96, and he states 
that the resistance can he expressed as 


H = cT^ 


where p = 1-242. On the basis of these experi- 
mental facts, he deduces from Worthing’s 
data that the conductivity of tungsten is 
nearly independent of temperature and has 
a value of -273 at 2100° C., as against *342 


^ PAys. Rev., 1914, iv. 535. 
* Ibid., 1916, vii. 151. 
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found by Worthing. He also contends that ’ advance at the time they were carried out 
the value of Lorenz’s constant is of tlie order (nearly seventy years ago), but some of their 
that would be expected from Jaeger and results must now be regarded as obsolete, 
HiesselhorsFs value at 18° C., and the the probable cause being the presence of 
temperature coefficient which they found impurities in their specimens, 
between 18° C. and 1(X)° C. This was con- ' There is also the point, to which P^clet 
trary to the very large change in the constant drew attention as long ago as 1860, that the 
which Worthing found over the range 1200° C.- ; assumption of Newton's law of cooling, 
2200° C. ' which only holds approximately for small 

(iv.) Indirect 2Iethods . — In the case of metals ' differences of temperature, must introduce 
it is often convenient to determine the i considerable error. 

conductivity by comparison with some other (&) Voigt . — Another method of comparing 
metal whose conductivity is known. i the conductivities of two metals is that due 

(a) Wiedemann and Franz . — ^As an example, to Toigt.^ He took thin plates of the two 
the method of Wiedemann and Franz ^ may be materials cut in the form of ^ht-angled 
quoted. These experimenters took a bar of | triangles, and placed them in contact 
metal, one end of which was maintained at a : along their hypotenuses. The lengths of 
constant temx>eratiu?e, and wMch was sub- I the sides a and h {Fig. IS) are chosen so as 
mitted along its length to the effect of cooling to he approximately in jjropor- 
by radiation and convection inside a constant tion of the conductivities of the 
temperature enclosure. When the steady flow plates. Heat is then applied^ by 
of heat had been established, the temperatures means of a copper bar at 70'' to 
at three points at equal distances apart were ■ 90' C. along the short side b oi o. 
measured. I the good conductor or the long 

The temperature distribution along a bar , side a of the bad conductor. The 
under the conditions indicated is given by whole surface of the composite b 

(of. equation in § (5) (iii.) (6)) j plate was coated with a layer of -^ig. 18. 

joj ! elaidic acid to w’hich wax and 

H A j— , = i turpentine are added. The acid melts at 4o° C. 

j and solidifies in crystals yielding a well-defined 
If now the tem 3 >eratures and 6q are i isothermal curve. The ratio of the condue- 

measured at three equally spaced points at a ; tivities is derived from measurements of the 
distance a apart, it can be shown that | angles which the isothermal makes with the 

I common hypotenuse, being in the proportion 
=Ioe (n-f s/?i*-l) j of the tangents of the angles. The limit of 

* ’ I accuracy of which the method is capable is 





where 


20 . ■ 


So that if we take two bars of different 
materials, but with the same cross-sectiotn A, 
the same perimeter p, and the same coefficient 
of heat loss E, and determine the temperatures 
in each case at three equally spaced points at 
the same distances apart, we get the ratio 
of conductivities from the following equation 


^ l0g(B'+ 

^ log (»+ '. M®— 1) 

The rods used by Wiedemann and Franz were 
half a metre long and 6 mm. in diameter, 
and in order to secure the same surface 
emissivity for all the rods, they were electro- 
plated. One end of the rod was heated by 
steam and the remainder was surrounded by 
a water - cooled enclosnre which could be 
exhausted if required. The temperatures at 
three equidistant points were measured by 
means of a sliding thermocouple. 

Wiedemann and Franz drew up a table of 
relative conductivities of a number of metals. 
The experiments represented a considerable 

^ Ann. de Chimie^ 1854, xli. 107. 


about 2 per cent. 

Rietzsch ® used this method for measurmg 
the conductivity of copper containing varying 
amounts of phosphorus and arsenic. It has 
also been used for glasses. o 

(v.) Periodic Flow Methods, {a) Angstrom . — 
The method^ is of interest in that it differs 
in principle from those previously described 
which have all been concerned with the 
steady state of heat flow’. In this c^se the 
conductivity was deduced from observation of 
the periodic flow of heat in a long bar. 

If we conader any thin cross-section of a 
rod the temperature of which is changing, the 
difference between the heat fliowing into and 
out of this section must be equal^ to the heat 
lost from the surface of the section plus the 
heat required to raise the temperature of the 
section itself. So that we have (cf. § (5) 
(iii.) (b) 

KAfi=:Ep0 + A(^. 




I If the rod is surrounded by a guard-ring 
1 which prevents heat loss from the surface, 

» AnJial. Phys. Chem., 1898, Ixiv. 95. 

* Ann. der Phys., 1900, iv. (3) 403. 

* Maa.. 1803- XXV. 130. 
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the first term on the right-hand side vanishes 1 
and the equation becomes 

where h- is the diffusivity or the conductivity 
N divided by the heat capacity per unit 
volume C. 

Now, supposing that a simple harmonic 
oscillation of temperature is impressed on 
one end of the bar, it can be shown from the 
above equation that 



where T is the periodic time and X the 
wave-len^h of the temperature oscillations. 
It follows also that the amplitude of the 
temperature oscillations at any point at a 
distance x from the source is proportional 
to The amplitudes thus decrease 

as we recede from the hot end and likewise 
the mean temperature. The tempera- 
> ture distribution at any instant is of 

\ the form shown in Fig. 19, in which 

\ the dotted line repre- 

\ p. ■ sents the mean tern- 
I /I peratures. 

\ / 1 It is obvious if we 



Pig. 19. 

plete temperature distribution the wave-length 
X can be measured, and thus the diffusivity. 
From the latter the conductivity may be 
obtained, if the heat capacity per unit volume 
is known. 

It is, however, sometimes convenient to 
deduce the conductivity from temperature — 
time observations at two points. The general 
solution of either of the equations above for 
a simple harmonic oscillation is of the form 

e = A sin + . 

The values of A and 5 can be determined 
experimentally for the two points, and it can 
be shown that if Z is their distance apart 

T(5-5')logA/A'’ 

If the temperature oscillations are periodic but 
are not simple harmonic vibrations, they can 
be resolved into a number of terms of the form 

^ = Ao 4- Ai sin (wZ -i- -f Ao sin (2£oZ -i- d.^) 

-I" Ag sin (3wZ -{- 5g) 

where w=7r/T. 


Again, taking two points, each pair of the 
terms of the above expression leads to an 
independent value of 

I. 

~T(5„-5„')logA„/A„'' 

I In practice these series may be limited to 
1 the first three or four terms as the coefficients 
Aq, Aj, A_,, etc., rapidly diminish. 

In Angstrom’s experiments a small section 
of a bar was enclosed and w^as submitted 
alternately to heating and cooling by steam 
and cold water respectively. The periods of 
heating and cooling w^ere 12 minutes each, 
and when they had been continued for some 
time, the temperatures at each point of the bar 
became steadily periodic. Mercuiy thermo- 
meters were let into the bar at intervals of 
5 cm. for temperature readings. 

Angstrom used for his first experiments 
bars 57 cm. long and of 2*4 cm. square 
section, while for some subsequent experiments 
he used a bar 118 cm. long and 3-5 cm. 
thick. His values for the conductivity of 
copper and iron at 50® C. were 



First - 

Second 


Experiments. 

Experiments. 

1 Copper. . , 

•910 

•982 (1-0-00152^) 

j Iron . . 

•163 1 

•199 (1-0-002140) 


The values obtained in the second experi- 
ments are much higher than those now 
accepted. The negative sign of the coefficient 
is confirmed by the work of Jaeger and 
Diesselhorst and of Lees though the magni- 
tudes are different. 

Callendar ^ has applied Angstrom’s method 
to the apparatus iUustrated in Fig. 14. He 
varied the pressure of the steam in the heater 
so as to produce approximately simple har- 
monic oscillations, using periods of 60, 90, and 
120 minutes. Callendar found a value for 
cast iron at 54° C. of ’O- 1144 (1-0-00006^), 
which is in close agreement with modem 
values obtained by other methods. 

There is no doubt that Angstrom’s method 
gives satisfactory results if due precautions 
are taken. It involves, however, the taking 
of large numbers of observations and their 
analysis may be very laborious. 

(6) King . — ^A method resembling that of 
Angstrom is due to King.^ His apparatus is 
shown diagrammatically in Fig. 20. A is a 
wire whose conductivity is to be deteimined 
and which is 2*5 mm. in diameter and about 
40 cm. long. One end of the wire projects 
into a heating coil H through which flows a 
periodic current following a sine law. At 

* Bncy. Brit., 11th edition, “ Conduction of Heat.” 

= Phys. iter., 1915, vi. 437. 
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two points of the -nire are attached the ] 
thennocouples T, T, each connected to a short 
period galvanometer. In each thermocouple ! 
circuit is a counter E.]VLF. which can be i 
adjusted to balance the thermocouple E.M.F. , 
at its mean value. The lag between i 
^ * the movements of the two galvano- ■ 



100 Volts 


Fig. 20. 


meters gives the velocity of propagation of the 
waves. If experiments are made with the 
waves of two periods and U and the velo- 
cities are found to be i\ and%? 2 , then it can 
be shown that the diffusivity A- is given by 

/ZSEHSL 

King carried out experiments with waves ; 
of periods of 2 minutes and 5 minutes 
respectively, and he found values for the i 
conductivity of copper -and tin which are in | 
close agreement with those of Jaeger and | 
Diesselhorst. 

§ (6) Solids: Ceystallixe axd Aleo- I 
TEOPic. — In considering the various classes of 
solids which have been referred to above, it has 
been assumed that they have been symmetrical 
as regards the conductivity of heat. Some 
substances, however, owing to peculiarities of 
structure, give different values of conductivity 
in different directions. Thus Tyndall ^ found 
that, in the case of wood, the conductivity 
was highest along the fibre and lowest in the 
direction perpendicular to the fibre and the 
ligneous layera. As giving some idea of the 
magnitude of the difference some of his values 
are quoted in the following table. The figures 
are only comparative : 



Name 
of Wood. 

Parallel 

to 

Fibre. 

Perpendicular 
to Fibre 
and Parallel 
to Ligneous 
Layers. 

1 

Perpendicular 
to Fibre and 
Ligneous 
Layers, 

Oak 

34 

11-0 

9-5 i 

Beech . 

1 33 ! 

! 10-8 

8-8 i 

Boxwood . 

31 

I 12-0 

9-9 1 

Ash 

27 

S 11-5 1 

9-5 1 

j Apple-tree 

26 

' 12-5 

10-0 1 

1 Scotch fir . i 

22 

! 12-0 i 

, 10-0 1 

' 1 


Similarly in the case of laminated rocks, 
such as slates and schists, Jannettaz ® has 
shown that the conductivity is highest parallel 
to the cleavage. 

Where such substances can be obtained in 

^ Phil. 4th series, v. and vi. 

^ Journ. de Phys. v. 150. 


sufficient bulk their conductivities can be 
determined by one of the methods already 
d^cribed. In the case of small objects, 
however, such as crystals, which often show 
a marked asymmetry of heat flow, different 
methods have to be adopted. 

(i.) Z)e Senarmont . — ^The first to make a 
comprehensive study of crystalline conduction 
was de Senarmont.^ His method consisted in 
coating a thin plate cut from a crystal with 
a film of white wax and applying heat at a 
point near the centre. As the plate becomes 
warm the wax melted round the point and the 
inequalities in conduction in different direc- 
tions were indicated by the shape of the 
bounding line of melted wax. The curve in 
the case of an isotropic substance, such as 
glass or crystals of the cubic system, was 
always circular. In the rhombohedral system, 
with one axis of symmetry, the plates cut 
perpendicular to the axis gave circles while 
any section parallel to the axis gave an 
ellipse. This is illustrated in Fig. 21, w'hich 
gives the curves 
for a quartz 
crystal cut per- 
pendicular and 

parallel to the Fig. 21. 

main axis. Here 

the isothermal surface due to a point source 
in the crystal would be an ellipsoid of re- 
volution about the main axis. The rule was 
found to be general that the thermic and 
ciystaliographic axes coincided. 

In de Senarmont’s experiments the heat 
was supplied by a wire or tube fitting a hole 
bored in the plate of crystal, or the sun’s rays 
were concentrated on a point by means of a 
lens. The values obtained were comparative, 
a circle indicating that the conductivity was 
the same in aU directions, while for an ellipse 
it could be shown that conductivities along 
the axes were proportional to the square of 
their lengths. 

(ii.) Lees . — A method of determining the 
absolute values of thermal conductivities of 
crystals w^as suggested by Lodge ^ and carried 
out by Lees.^ A thin slice of the crystal was 
placed in contact with the ends of two bars of 
metal with their lengths in the same straight 
line, thus forming a composite bar. Brass was 
chosen because it readily amalgamates with 
mercury, and the amalgamated surfaces were 
found to give extremely good thermal contact 
with the crystal The bar was packed in 
sawdust, and one end was heated by steam 
and the other immersed in cold water. The 
temperature distribution was obtained by a 
series of thermocouples attached to the bar, 
and from this the temperatures of the two 

* Ann. de Chim. et de Phys., 1847-48, xxi.-xxiii. 

* Phil. Mag., 1878, v. 110. 

* PhU. Trans., 1892, clxxxiii. 481. 
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faces of tte crystal plate could be deduced 
after making a small correction for tbe layer 
of mercury as determined in a separate 
experiment. Tbe amount of beat passing 
along tbe bar and through tbe crystal was 
calculated from a knowledge of tbe absolute 
conductivity of the brass, which was obtained 
by an improved Forl>es method. 

Lees found that for quartz the conductivity 
parallel to the optic axis was 0-0299 and 
perpendicular to the axis 0*0158. 

§ (7) Liquids (K =0*0003 to 0-0015). — The 
problem of determining the conductivity of 
a liquid is complicated by the ease with 
which convection currents are set up in any 
mass of fluid with a temperature gradient 
through it. Thus if the liquid at any point 
is at a higher temperature than the surrounding 
liquid, it will have a lower density, owing to 
its expansion with temperature, and will, if 
below the surface, tend to rise. Should the 
temperature difference be maintained at the 
particular point, a continuous current will he 
established. The laws governing such convec- 
tion currents are very complicated, and the 
heat conveyed by them is often large as 
compared with the amount passing through 
the liquid by pure conduction or diffusion. 
In attempting, therefore, to determine the 
conductivity of the liquid the plan is commonly 
adopted of eliminating convection. This may 
be accomplished by taking a column of 
Hquid, supplying heat at a horizontal surface 
at the top of the liquid, and abstracting heat 
at a horizontal surface at the bottom of the 
liquid ; or by taking a film of liquid so thin 
that, mdependent of its orientation, the 
transfer of heat by convection is negligible. 
An alternative method is to regulate the 
heat loss by convection so that it takes place 
imder well-defined and measurable conditions. 
Thus, when a liquid is made to flow with 
streamline motion through a heated tube, 
a relation can be established between the heat 
carried off by this forced convection, and the 
temperature gradients and conductivity Lu 
the liquid- Examples of methods applying 
these principles are described below. 

(i.) Column Jlethod. (a) Serget . — ^Tbe ap- 
paratus used by Berget for detenmning the 
conductivity of a column of mercury sur- 
rounded by a guard-ring has already been 
described in § (5) (ii.) (6). It will be noted 
that the heat is here supplied at the top of 
the liquid, and flows down through the liquid 
to the bottom, which is cooled. 

(b) i?. Weber ^ has used a similar method, 
supplying the heat to the top of a column of 
Kquid from a vessel kept at a certain tempera- 
ture by oil electrically heated, while the 
bottom of the column was cooled by a hori- 
zontal copper plate standing in ice. The 
^ Ann. der Phys., 1903, xi. 1047. 


temperature difference was taken at two points, 
1 cm. apart, by means of copper-constantan 
couples. His values are included in Table IV. 

(c) CJiree - experimented with liquids heated 
on the surface, and determined the diffusivity 
by observations of tbe variable state. He 
took a cylindrical container 19 cm. in diameter 
into which liquid was poured to a depth of 
5-2 cm. A fliat-bottomed dish, 15 cm. in 
diameter, rested on the surface of the liquid, 
while a fine platinum wire 6-6 cm. long was 
adjusted in a horizontal position 2*6 cm.^ 
below the surface. This wire, to which were 
attached copper leads, served as a resistance 
thermometer. Hot water was poured into 
the dish, and the rate at w'hich the heat passed 
through the dish into the liquid below could 
be obtained from observations of tbe fall in 
temperature- of the water in tbe dish after 
ma ki n g a correction, obtained by an inde- 
pendent experiment, of tbe beat lost from 
the surface of tbe water. The temperature 
of the water was initially about 75° C., and 
immediately after it had h^n poured into the 
dish, a temperature rise was indicated by the 
platinum thermometer, which then remained 
stationary for several minutes. After this 
period the thermometer began to rise rapidly, 
and continued to rise at a decreasing rate 
towards its maximum, which was not reached 
for several hours. Chree took temperature 
time observations, and obtained the point 
at which the temperature rise was at a 
maximum rate, generally about ten minutes 
after the start. 

Theory shows that if it were possible 
suddenly to apply a quantity of heat to the 
surface of the liquid, the time of maximum 
rise would be given by 

«= 0 - 0917 ?^, 

X being the distance of the point below the 
surface, and p, c, and K being the density, 
specific heat, and conductivity of tbe liquid. 
The conditions of the actual experiments were 
different in that the heat was applied at a 
decreasing rate for an appreciable time, and 
Chree gives the mathematical expressions 
applicable to this case. It is interesting to 
note that in some experiments the water 
was allowed to remain in the dish for the 
duration of the experiment, while in others 
it was syphoned off shortly after pouring into 
the dish. The results obtained give a very 
fair agreement, and confirm the correctness 
of Chree’ s formula. 

The value for the conductivity of water is 
supported by the more recent determinations 
by other methods. 

(ii.) Film, Method. — {a) Lees^ measured the 

* Proc. Roy. Soe., 1888, xliii. 30. 

® Phil. Trans. Roy. Soc., 1898, cxci. 41$. 
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conductivity of thin films of liqiiid about 1*2 
mm. in thickness. His apparatus was a modi- 
fication of that already described for deter- 
mining the conductivity of poor conductors. 
To the series of discs used in his former ex- 
periments, which were 4 cm. in diameter, was 
attached an ebonite ring E and another copper 
disc L both 7 cm. in diameter (see Fiff. 22). 
The internal diameter of the ebonite ring was 
8-7 cm. or slightly smaller than that of the 
superimposed discs. The ebonite served as 
a container for the Hquid which filled the 
space between the copper discs 'SI and L. 
The disc G was of glass 0*28 cm, thick, and its 
conductivity was determined as previously 
described. Knowing then the temperature 
difference between U and M and the conduc- 
tivity of G, the heat entering M was known- 


j Subtracting from this amount the heat loss 
j from the exposed surface of M, we get the 



I total of the heat passing through the liquid 
i and through the ebonite. The flow in the 
i latter was not rectilinear, and an independent 


Table W 
Liquids 


1 Temperature. ' E y 10*. , * i., 

bubstance. i , c q Units. Authority. 


Water and Aqueous SohUions 




/ 

0 

12-0 

1 

j H. P. Weber, 1886 




24 

14*3 




18 

12-4 

Chree, 1888. 

Water 



4 

12*9 


- 


11 

14-7 

Wachsmuth, 1893. | 

j- Lees, 1898. ! 




25 

13*6 




15-34 

13-14 

R. Weber, 1903. i 




0 

15-0 

Gddschmidt, 1911. i 

Ammonia solution, 26 per cent 



18 

10-9 

Lees, 1898. 

Copper snlphate (s.g. 1*160) 



4 

11-8 

H. P. Weber, 1880. 

Potassium chloride (s.g. 1*026) 



13 

11-6 

Graetz, 1885. 

Sodium chloride {s.g. 1*178) . 



4 

11-5 

H. P. Weber, 1880. ! 

Sulphuric acid (s.g. 1*054) 



20 

12-6 

Chree, 1888. j 

Zinc sulphate (s.g. 1-134) 



4 

11-8 

H. P. Weber, 1880. | 




Organic Liquids 




r 

11 

5-2 


Methyl alcohd (CH^O) . . 


\ 

( 

47 

4-45 

- lees, 1898. 



11 

4-6 

Ethyl alcohol (CjHjO) . 


J 

1 

51 

3-60 

) 


1 

0 

4-45 

Goldschmidt, 1911. 

Amyl alcohol (C 5 H 12 O) . 



0 

3-45 

„ 

Eormie acid (CHjO^) 



9-15 

6-48 

H. P. Weber, 1886. 


/ 

i 

9-15 

4-72 


Acetic acid (CgH^Og) 


25 

4-3 

Lees, 1898. 

Butjrric acid (C 4 B[ 80 ,) . 



9-15 

3-60 

1 

Chloroform (CHCI 3 ) . . 



6 

302 

- H. F. Weber, 1886. 

Benzene (CgHs). 



5 

3-33 

J 


/ 

9-15 

3-07 

H. P. Weber, 1886. 

Toluene (CyHg) 


i 

14*5 

3-42 

Goldschmidt, 1911. 

Turpentine oil (CkjHjs) • 


13 

3-25 

Graetz, 1885. 

Olive oil {s.g. 0*911) 



6*6 * 

3-92 

H. P. Weber, 1886 


f 

15 

5-37 

Chree, 1888. 

CarbcHi bisulphide (CSj) . 


J 

10-18 

2-00 

Winkelmann, 1874 



1 

0 

3-88 

Goldschmidt, 1911. 

Glycerin (s.g. 1-235) 



15-34 

6-56 

'1 

Paraffin oil (s.g. -870) 



15-34 

3-46 

Y R. Weber, 1903. 

Petroleum oil (s.g. *789) . 



15-34 

3-82 

J 
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experiment was made to determine it having | 
air instead of liq^uid between M and L. The 
heat flowing through the liquid was then 
obtained, and this with the difference in 
temperature between M and L gave the 
conductivity of the liquid. 

The film of liquid was horizontal in the 
experiments, and the heating was from the i 
top surface so that convection was eliminated. 
It is interesting to note that when the 
apparatus was tilted through 15° the apparent 
conductivity only increased 1 per cent. 

Lees determined the conductivity of water, 
glycerine, ethyl alcohol, and methyl alcohol, 
and his values are in close agreement with 
those of Weber. 

Le^ also investigated the conductivity of 
mixtures of water with varying amounts of 
glycerine, methyl alcohol, ethyl alcohol, acetic 
acid, sugar, and attempted to connect the 
conductivity of the mixture with that of the 
constituents. Plotting percentage composition 
by weight against conductivity he found that 
no general law could be deduced. If, however, 
percentages of volume were taken, snmilar 
curves were obtained which gave a conductivity 
somewhat less than that given by a linear 

Kjtj-KtLs 

K = -L IV 


the other substances. It is interesting to 
note that Bams ^ found a decrease of 15 per 
cent in the case of thymol at the melting-point 
(12*5° C.). 

(6) GoldscJimidt ^ adapted the “hot-wire” 
method as used for gases (see § (S) (ii.) below). 
The liquid was contained in a tube only 2 mm. 
in diameter, and it is stated that convection 
was eliminated. 

(Hi ) Plow ^Methods. — The first observer to 
use a flow method for measuring the conduc- 
tivity of a liquid appears to have been Graetz,® 
hut his method is not described here, as those 
of Cailendar and of Nettleton seem to be pre- 
ferable. 

(u) Cailendar .^ — Consider a long metal tube 
heated electrically and with a continuous 
stream of liquid passing through it. Let K 
be the conductivity of the liquid, c the specific 
heat per unit volume, v the velocity, and & 
the temperature at a distance r from the axis 
of the tube, and let .r he the distance measured 
along the tube. Then, assuming that the 
flow of the liquid is linear and neglecting 
the minute effect of longitudiual conduction, 
it is obvious that the heat carried off by the 
liquid flowing through any thin ring in a cross^ 
section of the tube will be equal to the differ- 
ence between the heat passing into and out of 
the ring by conduction. This gives the equation 


The value was also greater than that calculated 
assuming a linear formula of resistivity (z.e. 
reciprocal of conductivity). The latter for- 
mula is, however, closer to the experimental 
results than that based on a linear law of 
conductivity. Lees then obtained a closer 
approximation for the resistivity formula 
based on the probable distribution of the 
molecules of the two substances. From the 
agreement with experiment he deduces that 
the thermal conductivity of a substance is 
not greatly modified when it enters as one 
constituent into a physical mixture, and that 
the conductivity of the mixture depends 
directly on the amounts and conductivities 
of its constituents. He also experimented 
with mixtures of lard with varring amounts 
of finely divided iron, marble, zinc sulphate, 
and sugar, and found that the same 
conclusions held. 

Lees made farther use of the apparatus 
described above to investigate any change of 
conductivity on melting. He found that in 
the eases of the substances naphthylamine, 
paratoluidene, and sodium hydrogen phosphate 
(NasHPO^ + 12H_,0) there was no discontin- 
uity at the melting-point, and that the con- 
ductivity decreased with rise of temperature 
both in the solid and liquid state. A decrease 
of 20 per cent in conductivity was found in the 
ease of calcium chloride (CaGs + fiHgO) at the 
melting-point, hut owing to its affinity for 
water the results were not so reliable as for 



dd 

=vcr^. 

dx 


The solution of this equation wlQ be much 
simplified if we can assume that the longi- 
tudinal gradient dBldx is constant over the 
cross-section of the tube at any point and is 
equal to 6'jl, where 6' is the rise of temperature 
observed in a length 1. This will not be true 
near the inflow end of the tube, where the radial 
distribution of temperature is rapidly changing, 
but it will very fairly represent the limiting 
state, which is attained when the liquid has 
flowed along the tube for some distance. 

Further, the quantity v in the equation above 
is a function of r and of the viscosity which 
can he taken as constant for the small tempera- 
ture changes met with in the experiment. 
The velocity at any point is then given by 


t;=2V 



2Q{l-(r/ro)^} 

Trro^ » 


where V is the mean velocity, Q the flow in 
c.c. per second, and the internal radius of 
the tube. 

Substituting and integrating from the tem- 
perature of the surface of the tube, we find 


eo~e= 


Q0' r ^ a 

27rZK\4V 


' Sdi. Journ. (3), 1892, xliv. 1. 

= Phys. Zeit^eh., 1911, xii. 417. 

* Wkd. Ann., 1883, xviii. 79. 

* PhU. Trans. Boy. Soc., 1902, exeix. 110. 
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The temperature 6^ at the axis of the tube 
where r=o is given by 

. _3Qe' 




The mean temperature of the flow, allowing 
for variation of velocity over the cross-section. 


is- given by 




_ IIQ^' 

’”“48tZK.* 


For the purposes of his experiment, Callendar 
took a platinum tube thiT)ugh which a current 
was passed. By measuring the resistance of 
consecutive sections of the tube, he was able 
to obtain the value of the gradient d'jl, as 
well as the value of Bq at any section. 
appears to have been measured at the end of 
the platinum tube, and the value of 6^^ or the 
mean temperature of the cross-section of flow 
at that point, was obtained by ensuring good 
mixing of the liquid as it left the platinum 
tube, its temperature being taken by means 
of a platinum thermometer. These quantities, 
together with the measurement of the rate of 
flow, gave the conductivity. 

The device used by Callendar for obtaining 
a constant rise of temperature along the 
platinum tube is noteworthy. Thus, if 
is the resistance per cm. of the platinum tube 
at the initial temperature, a its temperature 
coefficient of resistance, and if E is the emis- 


sivity of the tube, p its perimeter, A its cross- 
section, and Q is the rate of flow of liquid, 
then we have 


C*R^(l+a^) = QA^-fEp^. 


If now is made equal to Ep, the 

gradient d&Jdx will be constant- By choosing 
suitable dimensions for the diameter and wall 
thickness of the platinum tube it is possible 
to secure the above condition. 

Callendar does not give the full exi>erimental 
details, but the method seems very promising. 
It possesses advantages over the film method in 
that it £!( voids the difficulty of measuring accur- 
ately the thickness of the film, and requires 
no correction for radiation through the liquid, 
since all the heat lost by the inner surface of 
the tube must be absorbed by the liquid itself. 

(6) Ne^eton . — An ingenious flow method for 
determining the conductivity of mercury is 
due to Nettleton. A slow stream of mercury 
is forced up a vertical glass tube, of which the 
top is steam-jacketed, the bottom cooled in 
ice, and the middle portion surrounded by 
a constant temperature enclosure. At one 
point the temperature of the column of mercury 
will be the same as that of the enclosure, which 
is taken as the zero of reference. If now and 
^2 are the temperatures at distances L/2 above 
and below this point, it can be shown that 


f??sL 



i 


i 


8 being the specific heat of mercury, m the 
number of grammes passing any section in a 
second, and A the cross-sectional area of the 
tube. From the above equation the con- 
ductivity is easily obtained. 

For full particulars of the method, reference 
must be made to Nettleton’s original papers.^ 

§ (8) Gases (K:=0'000015 to 0-00036).— 
As in the case of liquids, the determination 
of the conductivity of a gas is complicated by 
convection and radiation effects. The attempt 
is generally made to eliminate the former and 
apply a correction for the latter. A number 
of observers have investigated the problem, 
and their methods fall into three classes, viz. 
the cooling thermometer method, the hot- 
wire method, and the film method. 

(L) Cooling Thermometer Method. Kundt 
and Warburg .^ — These observers investigated 
the rate of cooling of a thermometer, the bulb 
of which was in an enclosure filled with the 
gas under experiment. They found that for 
air the rate of cooling remained constant for 
pressures between 150 mm. and 1 mm., and 
for hydrogen, between 150 mm. and 9 mm. 
It was therefore concluded that within these 
limits the action of convection currents was 
negligible, and that the heat loss took place 
by conduction through the gas and by radia- 
tion, after allowing a due correction for the 
conduction along the thermometer stem. To 
determine the radiation loss, the enclosure 
was exhausted as completely as possible, and 
the rate of cooling was then found to be 
independent of the ^ape of the enclosure. 
This showed that the effect of conduction 
through any residual gas was negligible. 
The radiation being thus known, the cooling 
due to conduction was obtained by difference. 
If the thermal capacity of the thermometer 
is measured, the al®olute value of the con- 
ductivity of the gas could be deduced. 

Kundt and Warburg found that the con- 
ductivity of hydrogen was seven times that 
of air, which was in accordance with Maxwell’s 
prediction- Their value for air at 0° C. was 
0-0000492. 

Stefan ® adopted a similar method, taking 
two coaxial cylinders of thin copper with the 
gas to be tested between them. The inner 
cylinder served as an air thermometer, its 
tube passing through the outer cylinder and 
dipping into a vessel of water. Observing 
the rate of cooling of the thermometer, Stefan 
obtained the value for Kq of 0-0000543 for 
the conductivity of air. 

A value very close to this was obtained by 
Winkelmann,* who experimented with spheres 
and cylinders on the same lin^ as Stefan. 

^ PhU. Mag., 1910, xix. 587; Proc. Phys. Soc., 1910, 
xxii., and 1913, xxv. 28. 

® Pogg. Arm., 1875, clvi. 177. 

* Joum. de~Phys., 1873, ii. 147. 

* Pogg. Ann., 1874, cliiL 497. 
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(ii.) Hot-wire Method. ScMeiermacher . — | 
Originally due to Andrews, tliis method was 
used by Schleiermacher ^ for measuring the | 
absolute conductivity of a gas. An electrically ] 
heated \vire is surrounded by a coaxial cylinder 
containing the gas under experiment. The 
procedure is very similar to that explained 
above, except that the wire is kept at a constant 
temperature, and the rate of energy dissipation 
is measured. As before, the vessel is exhausted 
so as to obtain, the radiation loss and the end 
corrections. 

The hot-wire method has been adopted by 
a number of observers, and some of their 
values for the conductivity of air at 0° C. are 
given below : 

Schleierroacher .... 0*0000562 

Schwarzo 0*0000569 

Stafford 0*0000447 

S. Weber 0*0000568 

The latest exponent was Weber. ^ He used 
a glass tube about 2-5 cm. in diameter with 
a platinum vire 12 cm. long stretched down 
the axis. The temperature of the wire varied 
from 7° to 25° C. above the surroundings. 
Particular attention was paid to the question 
of convection by studying the heat loss from 
the wire in the horizontal and vertical positions, 
and for pressures from atmospheric down to 
a few millimetres. The end effect was deter- 
mined by experimenting with two vessels 
similar in all respects except their length. 
For full particulars of the various corrections, 
reference should be made to the original paper. 

(iiL) Film Methods. — As in the case of 
Kquids, a thin horizontal film, with the upper 
surface kept at a higher temperature than the 
lower, has been used to eliminate convection. 

(a) Todd. — Acting on a suggestion made by 
Poynting, Todd ® adopted the film method. 
The heat transfer across the film being by 
conduction and radiation and the latter being 
independent of the thickness, it was possible, 
hy exx>eiimenting on layers of different thick- 
nesses, to eliminate the radiation loss. 

The apparatus consisted of a plate 30 cm. 
in diameter, heated by steam in its top surface. 
The film of air was contained between this 
plate and a similar plate, which formed the 
top of a flow calorimeter. The air film was 
isolated from the surrounding air by a double- 
walled cylinder of paper, which fitted the two 
discs closely. The heat reaching the cold 
plate was obtained from the flow calorimeter 
in the usual way, while the temperatures of 
the steam and water in contact with the plates 
was measured. An appropriate correction 
was made for the difference in temperature 
between the steam and water and the respec- 
tive plates. Todd experimented on films from 

^ Wied. Ami., 1888, xxxiv. 623. 

* Ann. der Phys., 1917, liv. 325 

* Proc. Roy, Soc., 1909, Ixxxiii. 19. 


1 mm. to 5 mm. in thickness, and obtained a 
value for the conductivity of air at 55° C. of 
0*000057, which is equivalent to 0-0000495 
at 0° a 

It would perhaps have been better if it 
had been possible to provide tho calorimeter 
with a guard-ring and improve its thermal 
insulation. 

(6) Eercus and Laby .^ — ^These experimenters 
also made use of a film of gas heated on its 
upper surface. The arrangement of the appa- 
ratus is shown diagrammatically in Fig. 23. 
B is a hot plate surrounded by a guard- 
ring D. C is a water-cooled plate. The 
function of the plate A is to prevent any 
heat loss from the upper surface of B, so that 
all the heat generated in B would pass through 
the air film to C. For this purpose, A was 
maintained at the same temperature as B. 

All the plates were of copper. A, B, and 
D each consisted of two sheets of copper 
clamped together, and enclosing a heating 
coil of manganin and some thermocouple 
wires. The latter consisted of silk-covered 



Fig. 23. 


constantan, which was let into grooves in the 
plates and insulated hy a wax of high melting- 
point. The constantan wires formed couples 
with the copper plates and return copper leads. 
The plate B was supported from D by three 
I-shaped ivory buttons. The surfaces of B 
and C, which faced each other, were ground 
true and silver-plated, and extraordinary 
care was taken to obtain the mean distance 
between the plates of careful contouring. 
The apparatus was made air-tight by a ring 
of stout rubber clamped to A and C by steel 
tapes. 

The plates were held together near the 
outer edge by three holts passing through glass 
distance pieces. 

When making an experiment the tempera- 
tures of the plates A, B, and D were adjusted to 
he approximately equal, corrections being made 
for the heat transference due to small differ- 
ences of temperature. The plate A was always 
kept slightly hotter than B, so as to avoid any 
possibility of convection currents. The radia- 
tion correction was determined by independent 
experiments on a silvered Dewar flask. It 
would have been preferable if it had been 
possible to determine it on the apparatus 
itself, but the point is not of importance, 
* Proc. Roy. Soc., 1918, xcv. 190. 
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since the correction amounted to less than ! those of Niven and Poole, the escape of heat 
5 per cent. ; ]jy conduction along the leads is not important, 

The thickness of the air- film used was 6*28 I but if any correction is to be applied, reference 
mm., and there was a difference of temperature may be made to the method of Lees, 
of 20° C. between the plates- The conductivity j When the body itself is used as a resistor, 
of air at 0° C. was fotmd to be 0*00(X)540. as with the so-called electrical methods ” 

§ (9) Discussion of Methods. — It will be applicable to metals, the heavy currents and 
realised from the experiments which have been small potential drops make the energy measure- 
described above that thermal conductivity is ment more difficult (see, for example, Angell’s 
among the more difficult of the physical con- ! method). It is sometimes desirable to use 
stants to measure with any degree of precision. | alternating current to avoid Peltier effects. 
When compared, for example, with electrical j and the Thomson effect also to be con- 
conductivity, it is noticed that there is nothing ! sidered. 

corresponding to an “ insulator,” in the | An alternative to measuring the electrical 
electrical sense, which would enable the heat ; energy supplied is to determine the heat 
flow to be easily directed ipto any desired j passing out of the body. This can be done by 
channel; while the almost inst^taneous | the usual devices of calorimetry, such as 
equilibrium established in an electrical system , measuring the ice melted or the water evapo- 
finds no thermal counterpart. Neveridieless, | rated in a certain time, or, more satisfactorily, 
the divergencies in the values obtained by j by means of a flow calorimeter. Examples of 
different experimenters for the same material | the last- mentioned are seen in Figs. 11 and 
are often rather surprising. Such divergencies, | 14. Several important precautions have to 
which are not infrequently of the order of be observed wth this instrurhent. The t^uik 
20 per cent, could probably be minimised for supplying water should be kept at a 
by the observance of due precautions. An constant level and temperature. At the inflow 
attempt is made below to set out some of the or outflow points, where the temperatures are 
more obvious of these. taken, provision should be made for securing 

As has been already shown, the detennina- thorough mixing of the water so that the 
tion of absolute conductivity involves the mean temperature of the stream may be 
measurement of three quantities, viz. the recorded in each case. This can be done 
energy supplied to or passing through a body, conveniently by means of baffles or plugs of 
the temperature distribution, and the dimen- wire ganze inserted in the flow tubes. A 
sions of the body. metallic pipe, preferably of copper, should be 

(i) Energy Measicrement . — Dealing first with used for conveying the stream inside the 
the measurement of energy, the advantages calorimeter, but, both at the inflow and 
of electrical supply are obvious. It is ap- j outflow, there should be a break in the pipe 
plicable over a wide range of temperature, so as to prevent conduction losses along the 
it is easy to distribute uniformly, and it j metal For this purpose rubber or ebonite 
presents few difficulties of measurement. 1 connecting pieces can be used. The rise in 
Further, the conversion from electrical to temperature between the inflow and outflow 
thermal units can now be accomplished with can be measured best by a differential 
considerable precision, in view of the sub- arrangement of resistance thermometers or a 
stantial agreement as to the value of the series of thermocouples. 

mechanical equivalent of heat. (ii.) Temperature Measurement. — One of the 

When an enclosure of any size is to be heated | main difficulties met with in conductivity 
electrically, it is convenient to blow air over j experiments is the measurement of surface 
a hare resistor element, as was done by Lamb i temperatures. Attention has already been 
and W^ilson, while baffle plates can be used | drawn to the point in the case of metallic 
with advantage for the purpose of shielding | surface in contact with well-stirred liquids, 
the walls from radiation and of directing the ! and it has been shown that' enormous errors 
air flow. WTen a flat heater is required, care | may occur through assuming that the tempera- 
should be taken to secure uniform winding I ture of the metal surface is that of the mass of 
of the resistor, which should be clamped the liquid. Similarly in the case of two solid 
between metal plates, so as to give a flat surfaces which are nominally in contact, there 
surface and to reduce inequalities of tempera- will often he a sharp temperature discontinuity 
ture distribution. For this latter purpose due to the interposition of air gaps. The 

thick plates of copper or alumininm are useful, fact is not of great importance where the 

owing to their high conductivity. If the hot conductivity of the solid, whose surface 
plate is surrounded by a guard-ring, there temperature is desired, is at all comparable 

should be no metallic contact between the with that of air. Thus, in the case of iusulat- 

two, and the guard-ring heater should be ing materials, no appreciable error is introduced 
capable of independent adjustment. Except by assuming the temperature of the metal 
in the case of short resistor elements, such as * plate which forms the boundary of the 
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material is that of the surface of the material 
itself. More care must, however, be taken 
in the case of materials of medium conduc- 
tivity. By rising small specimens with good 
surfaces and improving the thermal contact 
with a glycerine or mercury film, Lees suc- 
ceeded in surmounting the difSculty, but if 
such methods are impracticable it is better 
to abandon the attempt to determine surface 
temperature and measure the temperature of 
isothermal planes within the material. This 
procedure was adopted by a number of 
experimenters, e.p. Nusselt, Niven, Poole, 
and Dougill, Hodsman, and Cobb. Coming to 
metals, the method of Hall for measuring sur- 
face temperatures has much to commend it. At 
higher tem]>eratures, where surface emissivity 
becomes an important factor, the device of 
AngeU is interesting and appears to have been 
successful However, the difficulties of deter- 
mining the surface temperature of a metal by 
any contact method are so great that, wherever 
possible, the temperature should he measured 
at isothermal surfaces within the metal, which 
will generally be in the form of a bar. 

Another important point afiecting tempera- 
ture measurements is to ensure that the 
tihermal equilibrium has been reached before 
the final readings are taken. With materials 
of high diffiosivity, such as metals, equilibrium 
is quickly established, but the process is very 
slow in the case of insulating materials, if 
the initial temperature of the material is 
known, its approximate diffusivity, and the 
boundary temperatures to which it is to be 
subjected, it is possible to estimate the time 
required for equilibrium. A calculation of 
this kind has been given by Niven for a 
cylinder of sand heated axially. TMs pro- 
cedure is not to be generally recommended, as, 
apart from the difficulty of such calculations, 
the data as to the difihisivities of insulating 
materials is very meagre owing to the fact that 
the specific heat cannot readily be measured. 

The matter, however, can he tested experi- 
mentally. Taking, for example, the case in 
which the temperature of the bulk of the 
material has to be raised, it will be found that 
a measurement of the energy supplied to 
maintain a constant difference in temperature 
will give an apparent conductivity which will 
decrease as time elapses, gradually approaching 
a steady value corresponding to the condition 
of equihbrium. 

As an instrument for measuring temperature 
distribution the thermocouple is the most 
generally useful When- employing it, care 
should always be taken to keep the -wires 
leading from the junction in the isothermal 
plane for an appreciable distance. Otherwise, 
as Nusselt has shown, very large errors may 
occur. 

(iii.) Dirnensicms and Shape . — ^The measure- 


ment of dimensions presents few difficulties. 
It is true that when experiments are made 
on thin films of gas or liquid, considerable 
accuracy is demanded, and also that in some 
cases there may be doubt as to the precise 
dimension to be measured, as for instance in 
determining the effective area of a hot-plate 
surrounded by a guard-ring, or in deciding the 
distances between two isothermal planes whose 
temperatures have been taken by thermo- 
meters let into holes of appreciable diameter. 
Generally speaking, however, dimensional 
quantities are measured more accurately than 
the other quantities involved in a conduc- 
tivity determination. 

The dimensions should, of course, be appro- 
priate to the material to he tested ; thus it is 
advisable with insulating materials to use 
large-scale apparatus so as to avoid errors 
due to local irregularities of structure or 
I packing. The shape is also decided largely 
by the same consideration, but care should 
be taken to avoid any shape in which there 
is likely to be a departure hrom a rectilinear 
heat flow, as in such cases the shape factor 
is extremely difficult to calculate. For this 
reason objection can be taken to the so-called 
“ box method,” adopted by many experi- 
menters, by which an attempt is made to 
deduce the conductivity from the heat leakage 
into or out of a cubical box surrounded by a 
uniform thickness of the material. 

§ (10) Discussion of Results. — A summary 
of results is given in Tables I. to V. The 
values are mostly those due to the observers 
whose methods have been described above. 
In the case of poor and medium conductors 
wide divergencies are noticeable, which no 
doubt are largely due to differences between 
materials nominally the same. With metals, 
where the chemical composition and physical 
condition can he defined more precisely, the 
differences are less marked. In fact the 
agreement between the values of Lees and of 
Jaeger and Diesselhorst, using entirely different 
methods, is very satisfactory. The experi- 
mental difficulties due to convection and radia- 
tion, in the ease of liquids and gases, militate 
against extreme accuracy. The individual 
values are not given for gases. Table V. being 
a summary of the most probable mean values, 
up to 1914, prepared by Hercus and Laby. 
It should be mentioned that the recent deter- 
minations of S. Weber are higher than those in 
the table by amounts varying up to 14 per cent. 

It is interesting to consider the bearing of 
the results on the relationship of thermal 
conductivity to other physical properties. 
Some of the more important relationships are 
dealt with below. 

(i.) Thermal and Electrical Cond^ictivity of 
Metals .'^ — ^The ease with which electrical 
^ See article “ Electrons/* 



HEAT, CONDUCTION OF 


459 


conductivity of metals can be 'measured has | 
for a long time directed the attention of 
physicists to the possibility of establishing a 
relationship between electrical and thermal i 
conductivity, so that the latter could be 
indirectly determined. j 

Forbes w'as the first to draw attention to ! 
the fact that metals can be arranged in the } 
same order as regards their conducting * 
powers for heat and electricity. In 1853 I 
Wiedemann and Franz ^ propounded the law 
that the ratio of the thermal and electrical 
conductivities was the same for all metals. 
Lorenz ^ extended this theory in 1872 by 
suggesting that the ratio was proportional to 


nickel, silver, zinc, and copper — the value of 
Lorenz’s constant K/XT was nearly the same 
over the range 18® to 100° C. The mean 
value was 2*43 x 10"®, K being expressed in 
watts/cm. sec. ° C., 1/X in ohms per c.c.® and 
T being the absolute temperature. The few 
alloys that were tested gave higher values, 
and iron and aluminium were respectively 
higher and lower. Lees ® confirmed the value 
of Lorenz’s constant down to - 170° C. for 
lead, cadmium, tin ; nickel showed a slight 
rise, and zinc, silver, copper showed a falling 
off in value in the order named. All the 
alloys tested gave increasingly high values 
with fall of temperature. Meissner,® who 


Table V 


Gases 


The constant /in the table below is derived from the relaticm K=/7Ct?, 
7} being the viscosity and C® the specific heat at constant volume. 


Gas. 

K«yl0*. 

Cp. 

y- 

Cr. 

.J. 10*. 

1 

/. 1 

He 


. 

32-7 

2* 

1-255 

2 

1-667 t 


.. 


1-883 

5 

2-31 

A 

• 


3-85 

2 

0-123 

1 

1-667 

1 

0-0744 

1 

2-108 

3 

2-47 

Ha 



36-3 

9 

3-407 

5 

1-399 

4 

2-406 

2 

0-852 

12 

1-76 

^2 



5-14 

3 

0-244 

4 

1-401 

3 

0-175 

1 

1-673 

5 

1-76 

Oo 



5-35 

4 

0-218 

4 

1-401 

4 

0-1531 

1 

1-925 

6 

1-79 

Ah* 



5-22 

14 

0-239 

7 

1-402 

18 

0-1715 

1 

1-733 

31 

1-76 

NO 



4*93 

2? 

0-231 

1 

1-397 

1 



1-737 

2 

1-73 

CO 



6*05 

3 

0-246 

2 

1-405 

2 



1-677 

3 

1-72 

CO, 



3-25 

10 

0-2015 

6 

1-300 

13 

0-160 

3 

1-428 

12 

1-45 ‘ 




3*34 

3 

1 0-220 

2 

1-317 

2 



1-364 

3 

1-47 

H^S 



2-81 

1 

0-2389 

3 

1-317 

3 



M54 

1 j 

1-34 1 

SO2 



1-80 

1 

1 0-1527 

j 

2 

1-258 

3 

0-1061 

1 

1-204 

2 

1-35 

GI2 



1-69 

1 

0-120 

2 i 

1-341 

3 



1-256 

2 

1*50 

HH3 



4-71 

3 

0-531 

3 

: 1-306 

3 

0-390 

1 j 

0-949 

3 ’ 

1-23 

GH4 



6-76 

3 j 

0-^ 

2 

1-316 

3 i 


! 

1-036 

2 i 

1-45 

C2H4 



3-84 

3 1 

0-404 

^ ! 

1-250 

4 



0-940 

4 

1-27 


* The number given after each constant is the nmnber of values of which it is the mean. _ 
t The theoretiail value 5/3 is used in preference to the one observed value l-fiS of Belm and Geiger, 
i Todd’s value is not included as the accuracy of the reduction of K from 55' to 0' C. is doubtfuL 


the absolute temperature. On the develop- 
ment of the electron theory Drude,® and more 
recently H. A. Lorentz,^ applying the kinetic 
theory of gases to the motion of electrons, 
arriv^ at the same conclusion as Lorenz. 
Up to 1900, however, the experimental values 
were too uncertain to allow any definite 
conclusion to be drawn. In that year Jaeger 
and Diesselhorst ® published the result of 
their investigation, which gave directly the 
ratio of the two conductivities for a number 
of metals and alloys. They found that for 
seven pure metals — lead, cadmium, tin, 

I Ann. de CMmie, 1854, xlL 107. 

* Ann. der Fhys.^ 1872, cxlvii. 429. 

* IMd., 1900, i. 566, and iii. 369. 

* Proc. AmA. Acad., 1905, vii. 438. 

» Abh. Phys. Tech. Peidi., 1900, iii 269. 


carried the investigation of copper, gold, 
platinum, and lead down to 20® abs., agreed 
approximately with Lees, but found a very 
rapid falling ofi in the constant as the absolute 
zero was approached. Thus at 20® ahs. the 
value for copper was about one quarter of 
the value found by Jaeger and Diesselhorst 
at 290® abs. The work of Onnes and Holst ^ 
on the conductivity of mercury at 5° aha. 
confirms this rapid diminution. 

With regard to temperatures of over 100° C, 
very little evidence is availahle. Konno,® 
using a comparative method with an. appa- 
ratus similar in principle to that of Lees for 

• PhU. Trans. Boy. Soc., 1908, ccviii. 381. 

Proc. AJrad. van Wet. AmsL, 1914, p. 7^. 

» PhU. May., 1920, ccxxxlx, 542. 
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medimn conductors [Fig. IH), found that the 
conductivities of tin, lead, zinc, and alumi- 
nium steadily decreased towards the melting- 
point, where a sharp drop occurred. Taking 
Tsutsumi’s values for electrical conductivity 
he deduced that Lorenz’s law held approxi- 
mately up to the melting-points. The changes 
of electrical and thermal conductivity on 
melting were of the same order, but Lorenz’s 
law did not hold for the liquid state. The 
conclusions of Angell as to aluminium are 
widely at variance with thase of Konno. 
While both obtained about the same value 
for the conductivity at 100° C., the latter 
gives a value at 600° C. of 0-36 and the^ 
former gives a value nearly three times as 
large. Angell’s values of Lorenz’s constant 
for nickel as well as aluminium show rapid 
iucreases with temperature. 

At still higher temperatures Langmuir gives 
a value for Lorenz’s constant for tungsten of 
3*49 X 10"® at 1900° C., which means a com- 
paratively small temperature coefficient on the 
value below 100° C. Worthing, however, does 
not agree with this value. 

The law of Lorenz has therefore only been 
shown to hold for a certain number of pure 
metals over the range from about - 100° C. 
to 100° C. or 200° C. Below this region it 
definitely fails ; while above, further evidence 
will be necessaiT before it can be accepted. 
As regards alloys, those tested by Lees and 
by Jaeger and Diesselhorst gave higher 
values for Lorenz’s constant than the pure 
metals and large temperature coefficients. 
Further, Gruneisen ^ has shown that, in the 
case of copper and iron, small amounts of 
impurity lower the electrical far more than the 
thermal conductivity and thus increase the 
value of the constant. According, however, 
to recent work m Japan ® Lorenz’s law is 
obeyed approximately by carbon steels and 
alloys of iron with nickel, cobalt, and man- 
ganese, at ordinary temperatures, and by 
carbon steels up to 900° C. 

(iL) Conductivity, Elasticity, and Ecmity of 
Non-mefraU . — Thornton ® has recently put for- 
ward a tentative suggestion as to a relationship 
of the above-mentioned constants. He shows 
that for such diverse substances as quartz, 
flint crown and soda glass, graphite, marble, 
mahogany, deal, ice, and paraffin wax, the 
thermal conductivity is proportional to Ep, 
E being Young’s modtdus of elasticity and p 
the density. His figures for glass have, 
however, been criticised by Clarke.* 

(iii) Conductivity, Viscosity, and Specific 
Sent of Gases . — Many of the deductions as 
to the physical properties of gases, based on 
the kinetic theory, have been confirmed by 

^ Ann. der Phys., 1900, iii. 43. 

= TdJioliu TJniw Bex. 1917, viii. ; 1918, vii. 50. 

® Phil. Mag., 1919, xxxviii. 705. 

^ Ibid., 1920, xl. 502. 


experiment in a remarkable way. In the 
case of conductivity. Maxwell’s prediction of 
a value for air of 0*000055 is well within the 
range of those found by experiment, the 
mean of which is given by Hercus and Lahy ^ 
as 0*000052, while his value for hydrogen as 
being seven times that of air has been closely 
conjfirmed. Another deduction from the 
kinetic theory is that the conductivity of a 
gas is independent of its pressure, and, as 
mentioned above, this has been found to be 
true, except for very low pressures where the 
mean free path of the molecules becomes 
comparable with the thickness of the gas 
layer. For these very low pressures )Soddy and 
Berry ® and Knudsen ^ have shown that the 
conductivity is nearly proportional to the 
pressure. 

The important relation between the con- 
ductivity K, specific heat at constant volume 
C„, and viscosity t), of a gas is primarily due to 
Maxwell, who showed that, assuming molecules 
are point centres of force repelling each other 
£Lccording to a fifth power law of distance, 

K=/C.97, 

the value of / being 2*5. 

A considerable amount of experimental 
evidence is available as bearing on this 
relation, and a summary of it, due to Hercus 
and Laby,® is given in Table V. The value 
of C„ has been very seldom observed, but it 
can be deduced from determinations of Cj, 
and of the ratio of Cj, to C^. The viscosity 
can easily be measured. It will be noticed 
that for monatomic gases the value of / 
agre^ approximately with that given by 
Maxwell. For gases with higher degrees of 
freedom the value is less than 2-5, being in 
the case of the diatomic gases 1-75. So far, 
theory has been unable to account for this 
value, though various empirical laws have 
been propounded by Jeans and others. 

The determination of the conductivity of a 
mixture of gases from that of its constituents 
is sometimes a matter of practical importance. 
According to the kinetic theory it is given by 

H K 

^ “ 1 +MpJPi) ^ 1 + Bfe/Pa)’ 

El and Kg being the conductivities, and 
and p 2 partial pressures of the two gases, 
and A and B being constants the values of 
which are 

B=^A, 

Vi 

where Vi and t}^ are the viscosities, and rrij 

® Proc, Roy. Soc., 1918, xcv. 190. 

• Proc. Roy. Soc., 1909, Ixxxiii. 254. 

’ Ann. der Phys., 1911, xxxiv. 693. 

» Ibid. 
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and m. 2 ^ the masses of the molecules of the 
two gases. 

S. Weber ^ has, however, shown that these 
theoretical values of A and B incorrectly give 
the conductivity of the mixture. The relation- 
ship can be expressed in the form above 
mentioned, but the values of A and B must be 
determined experimentally for each mixture. 
The table below, quoted from Weber, shows 
the difference between the experimental and 
theoretical values ; 


The variation in conductivity of a gas with 
temperature has also been considered in the 
light of the kinetic theory, according to which 
it should vary as the square root of the abso- 
lute temperature. This would give a tempera- 
ture coefficient of 0*00183. The experimental 
values for air have varied from 0*0013 to 
0*0036. Recently, however, Eucken ^ has 
shown that for five different gases the ratio 
of the conductivity to the viscosity is constant 
for temperatures - 80® C. to 100° 0. As 

regards viscosity, a formula due to Sutherland 
has been verifi^ over a wide ran g e of condi- 
tions, so that, if Eucken’s work is accepted, 
it can be applied to conductivity. This would 
give 

■K r. ^73+0 / e \l 
e^C \213) ■ 

For air, taking C = 117, the temperature 
coefficient would be 0*0029. , 

TT- Application of Theory to Practical 


already been shown that the rate of heat loss 
is given by 

H=KA^. 

dx 

So that for isothermal surfaces which are at a 
finite distance apart we have 

ySx/A* 

For most materials the conductivity K 
may be taken to be a linear 
function of the temperature, 
and hence the value of /KdO 
becomes the product of the 
conductivity for the mean 
temperature of the surfaces 
multiplied by the temperature 
difference between them. 

The quantity 

depends entirely on the size 
and shape of the body and the position of 
the surfaces by which the heat enters and 
leaves the body, and has therefore been called 
by Langmuir, Adams, and ^leikle ® the shape 
factor.” The value of the factor for various 
shapes is given below, together with the 
solution of a few typical problems of heat 
flow. 

(L) Plane Wall or Slab . — The shape factor 
in this case is obviously the ratio of the 
area A to the thickness x, and if the wall is 
homogeneous and of mean conductivity -K 
the rate of heat flow through it is given by 
KA(ai-da)/x. 

If the waE is a compcsite one, being made 
up of a number of parallel layers of different 
materials of conductivities - . . and 

thickness , and if di&* . . . are the 

temperatures of the faces of the successive 
layers, then 

O _ (^1 ~ ^s)^'a __ 


Gas Mixture. 

Oxygen, 

Hydrogen. 

Argon, 

HeliuiD. 

Hydrogen, 

Carbon 

Dioxide. 

Isitrogen, j 
Argon. 1 

] A theoretical 

2-37 

1*62 

1-01 

0-86 

A experimental . 

3*06 

0*38 j 

1 

2-70 j 

1*07 I 

B theoretical 

0*92 

1*16 

2-56 

1*19 j 

B experimental . 

1 

1*38 

2-92 

0*40 

0-95 j 


Problems j 

As bfl.q already been indicated, the problems i 
arising out of the flow of heat can be considered i 
under two beads, namely, those of the steady | 
state and those of the variable state. In j 
the former the temperature at each point i 
throughout the body remains constant and 1 
the flow of heat depends on the conductivity ; 1 
while in the latter, where the temperature is . 
varying with time, the thermal capacity per 
unit volume, as well as the conductivity, 
becomes a determining factor. 

§ (11) Steady State — ^the Shape Factor. 
— ^If two isothermal surfaces are considered, 
differing in temperature by dd and at an 
infinitely small distance dx apart, it has 


where Q is the rate of heat flow through a 
unit area of the walk 

Eliminating the temperatures intermediate 
between and 6^ we obtain 

{Oi-en) 


Q= 


Xa/A-g-f . - - ) 


is the total difference of temperature 
through the wall, so that the composite wall 
of total thickness X is equivalent to a simple 
wall of this thickne^ and of conductivity K, 
such that 

X _ Xj ^2 

K-Ki Ka • ‘ ' 

The formula enables one to calculate the heat 
flow through a composite wall if the con- 


1 An7i. der Pkifs., 1917, liv. 481. 

» PTiys. Zeit., 1911, xii. 1101 ; 1913, xiv. 324. 


* Trans. Amer. EleclrocJism. Soc.^ 1913, xxiv. 53. 
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dactivities and thicknesses of the components 
are known and the total temperature drop 
through the wall 

In many practical problems the surface 
temperatures of the wall or slab are not 
known and cannot conveniently be measured, 
e.g. a boiler plate lieated on one side by hot 
gases and cooled on the other by water ; or 
the wall of a dwelling-house or a cold store, 
the two faces of which are exposed to air 
at different temperatures. It is desired to 
calculate the heat transfer from the known 
temperature of the gas or liquid in contact 
with each face of the wall. The general 
treatment of this problem is beyond the scope 
of the present article, but it may be useful 
to give an approxitnate solution of the case of 
a wall the faces of which are exposed to stiU 
air at temperatures not differing greatly. 

If 9^ and 9^ are the temperatures of air, and 
^2 and ^3 the temperatures of the faces of 
the wall, then, since the heat transference 
between a surface of the wall and the sur- 
rounding air is nearly proportional to difference 
in temperature,^ 

Q=E(«i - =E(53- 

where Q is the rate of heat transfer per unit 
area. 

Eliminating 9^ and 9^ we obtain 

For air temperatures about that of the 
atmosphere, and for surfaces which are plane 
and vertical and are full radiators, the value 
of E is roughly 0-0002 calories per sq. cm. 
per second per 1° C. difference of temperature. 
The contributions of radiation and convection 
towards this value are of the same order of 
magnitude. 

Some applications of the formula can now 
be considered. 

(a) If the wall is of thin metal (say, copper), 
X will be a fraction of a centimetre and K will 
be nearly 1-0 C.G.S. units. The value of xfK 
will be negligible as compared with 2/E, and 
the heat transference will be governed entirely 
by emij^on coefficient of the walL If the 
metal surface is polished, its power of absorbing 
or emitting radiation will be very small, and 
the value of the emission coefficient E will 
be much less than that given above. 

{b) If the wail is of thin paper of con- 
ductivity 0-0003 C.G.S. units, x/K would still 
be small as compared with 2/E ; while, smee 
paper is a good radiator, E will be much 
greater than for the polished metal, so that 

^ The heat is transferred byradiation and convection . 
The former is proportional to (i^i+ 273 )*-(& 2 -{- 273 )*, 
and the latter to — For small temi>erature 
differences the heat transferred varies approsimately 


we have the apparent anomaly of a thin -paper 
wall transmitting more heat than a metal 
wall of the same thickness. 

(c) If the wall is thick (say 100 cm.), and 
of good insulating material like granulated 
cork (K = 0-0001), xjX. would be large compared 
with 2/E, and the transmission of heat would 
be governed almost entirely by the con- 
ductivity of the material of the wall and not 
j by its emission coefficient. 

(iL) Cylinder or Cylindrical 8hell. — The 
shape factor in this case is 

2vZ 2*73Z 

nr 

log, {b/ay logio 

where a and b are the internal and external 
diameters and ? is the length, which is supposed 
to be great compared with the diameter. If 
the temperatures of the internal and external 
surfaces are known, the above formula enables 
the heat transmission to be calculated. 

As in the case of a wall, however, it may 
not be convenient to determine surface tem- 
peratures. Taking as an example a steam- 
pipe covered with insnlating material, the inner 
temperature of the lagging may be assumed 
to be that of the steam, since there will he 
no appreciable gradient through the pix>e. It 
is desired to calculate the heat loss, knowing 
the temperature of the surrounding air. Pro- 
ceeding in a similar way to that followed in 
the case of a wall we get 


Q _ 27rZK(^i — ^2) 
log, (b/a) 


= 27r6IE(^2 "" 


where 9^ and ^2 the inner and outer 
temperatures of the lagging and 9^ that of 
the air. The elimination of 9.^ gives 


Q 27rl(9i ^ 2 ) 

'^■((l/K)log,(6/u)-h(l/6E))* 

The heat loss from the bare pipe would be 

• Q=27rlaE(9i-92y 

It does not follow that the heat loss from 
the bare pipe would always be greater 
than that from the covered pipe. If the 
covering were of metal, it is obvious that the 
reverse would be the case, and even with 
medium conductors it is possible that the 
covered pipe would give the greater loss. 
Peclet,® who was probably the first to draw 
attention to this point, took the case of a 
pipe 12 cm. in diameter and with insulation 
varying in thickness from 1 cm. to 12 cm. If 
the conductivity of the insulation was 0-00012 
G.G.S. units, the heat transmission diminished 
with increasing thickness ; if the conductivity 
was 0-002, or sixteen times as great, the trans- 
mission was approximately constant for all 
thicknesses ; and if the conductivity was 
0-004 the heat loss increased with the thick- 


^ Traits de la chalmr, 1860. 
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Lines and Isothermals 
near a square edge A. 



tend to increase 
shape factor, and 
amount by which 
factor is made to 
exceed AJt may be re- 
garded as the shape 


ness until at 12 cm, it was greater than that 
for the bare pipe. 

A full treatment of the subject has more 
recently been .given by Porter.^ 

(iii.) Sphere or Spherical Shdh — The shape 
factor is 27rabl{b — <z), where a and b are the 
internal and external diameters. The case of 
lagging surrounding a sphere can be treated 
in the same way as that for a cylinder, but it 
is not of much practical importance. 

(iv.) Rectangular Prism or Box . — Examples 
of this case are commonly met with in practice, 
e.g. a furnace chamber of cubical or rect- 
angular shape surrounded by walls of uniform 
thickne^ No rigid 
mathematical solution 
has yet been obtained 
for the shape factor, but 
assuming that the inner 
and outer surfaces are 
isothermal, Langmuir, 
Adams, and IVIeikle - 
have given an approxi- 

kg. 24. -Seotioa of 

Prism sh(p\1ng Flow They take first the 
case of a long hoUow 
prism of rectangular 
section and uniform thickness. If A is the area 
of the interior surface and t the thickness of the 
wall, and if the lines of heat flow were normal 
to the interior surface, the shape factor would 
be AJt. The lines of heat flow will, however, be 
normal only for the central portion of each 
face. Towards the edges they tend to become 
radial, though they are not rectilinear. This 
is illustrated in Fig. 24, which shows the lines 
of heat flow and the 
isothermals for a por- 
tion of the section of 
the prism. The edge 
will 
the 
the 

Fig. 25.— Cubical Box. 

Inner surface shaded. 

AC and BD, ‘‘square’* ^ 
edges. A, B, C, D, factor of the edge iteelt 
“ square ” comers. 

By a senes of approxi- 
mations the shape factor of the edge is shown 
to be 0-477Z, where I is its length. 

Next, the case of a cubical or rectan^lar 
box of uniform thickness is taken. In addition | 
to the edges, which have the same factor as | 
in the case of the prism, there is the effect of j 
the comers. The shape factor of each comer j 
is estimated to he OToli, where t is the thick- ; 
ness of the wall of the box. The edges and ! 
comers so far dealt with are termed “ square ” j 
edges and comers (see F ig. 25). | 

If two opposite walls of the box are supposed 
to approach each other until they nearly I 
touch (see Fig. 26), the square edges AC -and j 
1 PhU. Mag., 1910, xx. 511. * Loc. cU. I 


BD form practically one edge, which is called 
a “ plane ” edge and has a shape factor nearly 
double that of two “ square ” edges. Similarly 
the four “ square ” comers A, B, C, D now 
form the two plane ” comers AB and CD, 
for which shape factors are calculated. An 
example of the case illustrated in Fig. 26 is 
a rectangular plate surrounded by a uniform 
thickness of material. 

It is interesting to note that Langmuir, 
Adams, and Meikle confirmed their theoretical 
deductions by experiments based on the 
analogy of heat flow through walls and the 
flow of electricity through an electrolyte of 
the same shape. Elementary cubes, prisms, 
cylinders, etc., of the electrolyte (copper 
sulphate) were formed by joining together 
suitable plates of glass and copper, and the 
electrical conductivities of the various shapes 
of electrolyte were compared. In this way 
the shape factors of a square edge and plane 
edge were found to be 0-54 and 0-93Z while 
the theory has given 0-477 and 0-952/. The 
values of a square comer and plane comer 
were 0-l5t and O-OSTL The experimental 
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Fig. 26. 

ABCB, “ plane** edge. AB and CD, “ plane *’ COTuera 

values are accepted in preference to the 
theoretical, and they were found to hold if the 
linear dimensions of the inner surface exceed 
This limit would be exceeded iu most 
practical cases. 

The author’s conclusions as to the shape 
factor S of a cubical or rectangular box can 
be summarised as follows : 

All interior dimensions 

S=j + 0-51SZ+l-2t; 
one dimension < 

S = j+0-465r2 + 0-35«; 


two dimensions < 

S = 


2*73/ 


three dimensions - 


S=0*79- 


logio {bja) ’ 

^ 

A and B being the areas of the inner and 
outer surfaces. 

Examples of the last two cases are respec- 
tively a small square section rod or a small 
cube with a great thickness of insulation 
amund them. 
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Example of Calculation of Shape Factor . — Take 
an electrically heated oven with 8 inches thickness 
of insulation, and of inside dimensions 8 X 10 x 20 in., 
which are all greater than if. Then 

A = 2 •; 8 a 10 = 100 square inches 
+2x10x20=400 
+2 x 20 x 8 =320 


2Z=4<8 + 10 +20)==152 inches. 

A 880 

Hence S is the sum of — = =110 inches 

t 8 

+0-54If =0-54 x152= 82 

+I*2f=l-2x8= 9-6 „ 


201-6 „ 


It is interesting to compare this result with two 
other methods which are sometimes adopted. 
Calculating the shape factors from the areas of the 
inner and outer surface by means of the formula 
S = {Ajt\ and taking either the arithmetic orgeometric 
means between the two values, the following results 
are obtained for the oven : 


Arithmetic m^n .... 353-3 

Geometric mean .... 247-4 


which difier considerably from the other value. 

The formulae which have been summarised 
above are a useful contribution towards the 
solution of the problem of calculating the heat 
losses from rectangular-shaped bodies covered 
with a uniform thickness of insulation. It 
must not be forgotten, -however, that they 
apply only where the inner and outer surfaces 
are isothermal, and that this condition is often 
not realised in practice. 

§ (12) Variable State — ^Heat DrpFOSivTTY. 
All problems connected with the variable 
flow of heat depend on particular solutions 
of FourieFs fundamental equation. 


TT 


'd^ ^ 


in which K, c, p are the conductivity, specific 
heat and density of the body, t the time, and 
d the temperature at any point whose co- 
ordinates are x, y, z. This equation expresses 
the fact that the rate of heat inflow into, or 
outflow from, any small element of a body 
(represented by the right-hand side of the 
equation) must equal the rate at which the 
element is gaining or losing heat (left-hand 
side). It is frequently written in the form 


di 




or E/cp being a constant which is known 
as the diffusivity (see § (2) (ii.) above). 

The problems treated below are concerned 
only with the flow of heat in one dimension. 
For example, the penetration of heat into a 
fireproof wall, one face of which is raised to 
a high ^mperature, the propagation of heat 
waves into the earth’s interior from the 


surface, and so on. For these cases Fourier’s 
equation reduces to 

dd -.pd^d 
‘ dt ~ dx^ 

They can conveniently be considered under 
various heads according to the dimensions of 
the body, its initial temperature distribution, 
and the mode of heat supply. 

(i.) Periodic Flow from a Plane Surface irUo 
a Semi-infinite Solid . — Suppose that the heat 
supply is such as to produce simple harmonic 
variations of temperature at the surface of an 
infinite solid, and that is the amplitude and 
T the period of the oscillation. Then the 
temperature of the surface at any time is 
given by 


It can be shown ^ that the general solution 
of Fourier’s equation, which satisfies this 
boundary condition, is 



where 6 is the temperature at a distance x 
from the surface.® It will be seen from the 
form of this equation that the temperature 
at any point will vary periodically and that 
the amplitude of the oscillation will diminish 
with the distance from the surface. The 
following characteristics of the wave pro- 
pagation can be deduced from the equation : ^ 


T 


Amplitude at any point = 
Velocity of propagation = 


Wave-length = 2A 

The “ lag,” which can be defined as the time 
taken for any crest, trough, or other phase 
of the wave to reach a point at a distance x 
from the surface, is equal to {xl2h) x a^T/tt. 
Heat will flow into the material during one 
haK period of the temperature oscillation and 
out of the material during the other half 
period. It can be shown that the heat flow 
during a half period is 



(a) Appiliccdion : Diurnal and Annual 
Waves in the EartTCs Crust . — The surface of 
the earth is subjected to daily and annual 
wav^ of temperature which, to a first approxi- 
mation, can he assumed to be simple harmonic 
oscillations. The square root of the ratio of 


IngersoU and Zobel, Inbroditction to the 
MmeTnatiml Theory of Peat Conduction (Ginn & Co-), 

- See also “Heat, Conduction of. Mathematical 
Theory,” equation (12). 
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the periods of the annual and daily waves is 
about 20(\'^365 = 19-1). So that we can at 
once deduce from the expressions given above 
that the wave-length and the lag at any point 
for the annual wave will be twenty times those 
for a daily wave. The amplitude of the latter 
will fall off very rapidly with depth. Taking 
the ease of a daily wave with a range *f 15'' C. 
to - 5° C. in soil of difhisivity -0050, the ampli- 
tude of 20° C. at the surface is reduced to 10° 
at 8 cm., 1° at 35 cm., and -02° C. at 80 cm. 
Since the mean temperature of the soil is 
5° C. an amplitude of 10° C. will just be suffi- 
cient to take the soil 0° C., so that the freezing 
temperature will only penetrate to a depth of 
8 cm. The lag at this depth will be about 
2h houra. If an annual wave had the same 
range as the daily wave taken above, the 
freezing temperature would penetrate twenty 
times as far and the lag at this point would 
be 40 days. 

The mathematical formulae given above 
apply only to simple harmonic oscillations of 
temperature. The annual wave, in particular, 
departs considerably from the simple form, 
and it may therefore be necessary to analyse 
it, according to the Fourier method, into a 
number of simple harmonic components. 
Those of short period, like the daily wave, 
rapidly become inappreciable as the depth is 
increased. 

A number of observers have studied the 
temperature waves in soil for the purpose of 
measuring its diffusivity, and some of their 
values are given in the table below : 

Table VI 


Observer. | 

Soil 

Locality. 

Diffusivity. j 

s 

Kelvin, 1800 . . i 

Garden sand 

Edinburgh 

0-0087 

Xenmann, 1863 . i 

Sandv loam 

Edinburgh 

'0136 

Everett, 1860 

Gravel j 

Greenwich 

1 *0125 

Angstrom, 1861 . 

Sandy clay | 

Upeala 

-0057 

j Caliendar, 1895 . ; 

Garden sand ! 

Montreal 

•0036 

Rambant, 1900 . ' 

Gravel 

j Oxford 

■0074 

1 


The two last - mentioned observers used 
platinum thermometers, which are much to be 
preferred to the mercury thermometers with 
long stems used in some of the earlier work. 
Caliendar points out that water has a very 
large effect on the diffusivity of the soil. Its 
presence incimBes both the conductivity and 
the heat capacity, but the former to a greater 
extent, so that the diffusivity is increased. 
Under very extreme conditions the diffusivity 
may vary from 0*001 to 0-030. 

(ii.) Imertion of Slab at Temperature 9^ 
between two Infinite Blocks of same Material 
0° C . — If the slab is of thickness 21 it can 
be shown ^ that the temperature at a point 
1 IngersoE and Zobel, loc, di. p. 70. 


at a distance x from the central plane of the 
slab is given by 

\ ttJ ~l—x 
2h\T 

Values of this integral (the “probability 
integral ”), which is frequently met with in the 
solution of problems of variable heat flow, 
will be found in Tables of Mathematical 
Functions.® 

As an example we may take the case of 
concrete, originally at a temperature of 10° C, 
which is poured into a trench 60 cm. wide 
cut in the soil. If the temperature of the soil 
is - 5° C. it is desired to know whether the 
concrete will have time to set before it is 
frozen. 

For this purpose we can calculate how long 
the freezing temperature will take to penetrate 
to a depth of (say) 6 cm. below the surface 
of the concrete, which it is assumed has the 
same diffusivity as the soil {0-CK>5). Here 
1=30 cm., :c=24 cm., while = and freez- 
ing temperature = 5°, both relative to the soil, 
so that 

6 

The limits of the integral may he called g and 
- 9g, and by a process of trial from the table 
of values it can be shown that g = O065 nearly, 
so that t is over 4 days. 

It is interesting to note that 
as the conditions of symmetry 
r^uire that there can be no 
transfer of heat across the 
middle plane of the slab, the 
above solution appHes also to 
the case of a slab of half the 
thickn^s one face of which is 
placed in contact with an 
infinite block and the other 
protected from heat loss. 

(iii.) Semi-infinite Solid at 0° 
fcith Boundary Surface maintained at 6 q . — 
This case differs from the first case discussed 
above in that the boundary temperature 
instead of varying periodically is supposed to 
be suddenly alter^ to 9^, and then maintained 
constant. 

It can be shown ® that the temperature 6 
at a distance x below the surface is given by 


29, 




^=T- 

^rrj a; 

From this equation it is easy to deduce the 

* Wellisch, TJmrie nnd Praxis der Ausffleich- 
rechnung, p. 257, or IngersoU and Zobel, loc. cit. p. 166. 

* IngersoU and Zobel, loc. di. p. 78. 

2h 
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“ law of times ” according to wMch the times 
required for any two points to reach the 
same temperature are proportional to the 
squares of their distances from the boundary 
plane. 

As an application of the above equation we 
may take the case of a mass of concrete 
(diSusivity *005) at a temperature of 20° the 
surface of which is suddenly raised 740° C. 
It is required to ascertain how long a tempera- 
ture of 100° C. will take to penetrate a distance 
of 30 cm. Here 6q is 720° and 6 is 80°, 
measured relative to the original temperature, 
and t is found to be about 36,500 seconds or 
10 hours. 

(a) Application : Cooling of the Earth , — 
The equation above can also be used for the 
solution of the problem of the time taken 
for the cooling of the earth to its present 
eondition, neglecting the effect of the earth’s 
curvature. By differentiating the equation it 
can be shown ^ that 

. 

^h%deidx)^‘‘ 

Kelvin assumed the original temi>erature 6q 
to be 3900° C., = -01178, and the surface 

gradient {ddjdx)^ to be 1° C. in 2776 cm., 
and obtained a value of 100 million years. 
Even alloising very wide limits of error, this 
estimate is far below that based on geo- 
logical considerations. It has been sug- 
gested that a probable explanation of the 
discrepancy between the two estimates is 
supplied by the recent discovery of the con- 
tinuous generation of heat by the disin- 
tegration of radioactive compounds. 

(iv.) Slab at Uniform Tern- 


(f.e. Z) each face of which is suddenly raised to 
and maintained at 6^, 

As an example of the above conditions we 
may take a wall of concrete backed by a wooden 
casing or a floor of masonry or concrete on 
which is piled some poorly conducting but 
inflammable material. It is desired to know 
how soon a fire on one side of the wall would 
cause a dangerously high temperature to 
penetrate to the other side. It foUows at 
once that the effectiveness of the wall or floor 
in preventing fire depends on a low value of 
the diffusivity rather than the conductivity, 
and that the time taken for a dangerous 
temperature to penetrate to the rear face 
wiU vary as the square of the thickness (cf. 
law of times above). 

The solution given requires that the face 
of the wall should be suddenly raised to a 
temperature and maintained there. In 
practice this condition would not be realised, 
but IngersoU and Zobel show that a solution 
may be arrived at by the device of imagining a 
layer to be added to the outside of the wall, the 
surface of which is suddenly raised to a tem- 
perature 6f, By suitably choosing the added 
thickness and the temperature 6^ a very close 
approximation to the temperature rise of the 
actual surface of the wall can be obtained. 
For most purposes, however, a sufficiently close 
solution is given by using the mean value of 

For further examples of practical problems 
depending on the variable state, reference 
may he made to a standard textbook, such 
at that of IngersoU and Zobel, from which 
many of the solutions given above have been 
drawn. 

Table VII 


perature: one Face raised to 
Temperature 9 q and kept con- 
.'itnnty the other protected from 
Heat Loss. — If Z/2 is the 
thickness of the slab the re- 
lation between time and the 
temperature of the protected 
face is shown by IngersoU and 
Zobel - to be 


, -h-rrH , -9AV® 

-i <■ f 


Generally it is only necessary 
to take account of the first two 
or three terms of this ex- 
pression. As in the other case 
of a slab dealt with above, the 
equation also gives the tem- 
perature rise of central plane 
of a slab of twice the thickness 

^ IngersoU and Zobel, loc. cit. p. 89. 

= Loc. cit. p. 108. 


Diffusivity of Metals and other Substances 
Diffusivity {h?') = kjcp 


Metals. 

Diffusivity. 

Other Substances. 

Diffusitity. 

Aluminium . 

C.a.S. units. 
0-826 

Air .... 

C.G.S. units. 
0-179 

Antimony . 

0-139 

Asbestos wool . 

0-0035 

Bismuth . . 

0-0(>8 

Brick (fire) . . 

0-0074 

Brass 

0-339 

Brick ( building) . 

0-0050 

Cadmium . . 

0-467 

Charcoal . . . 

0-0020 to -0030 

Copper . 

M33 

Coal .... 

0-002 

Gold , . . 

1-182 

Concrete . 

0-0056 

Iron (wrought) . 

0-173 

Cork (granulated) 

0-0020 to -0030 

Iron (cast) . . 

0-121 

Ebonite . 

0-0010 

Lead . . . 

0-237 

Glass .... 

0-0057 

; Magnesium . 

0-883 

Granite . 

0-0155 

Mercury . . . 

0-033 

Ice .... 

0-0112 

Nickel . . . 

0-152 

Kieselguhr . 

0-0020 to -0030 

Palladium . 

0-240 

Limestone . . 

0-0092 

Platinum 

0-243 

Slag wool 

0-0020 to -0030 

Silver 

1-737 

Snow (fresh) 

0-0033 

Tin ... . 

0-407 

Soil .... 

See Table VI. 

Zinc .... 

0-402 

Water . . . 

0-00143 


F. H. S. 
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HEAT, CONDUCTION OF: 
HATHE^HATICAL THEORY 

CoyDrcTioi^ is the name given to the process 
by which heat is transferred from one portion 
of a body to another portion immediately 
adjacent to it, across the common houndaiy 
or interface, in consequence of inequality of I 
temperature. It is to be distinguished from 
Radiation, which may take place between 
bodies which are at a distance apart, with no 
material connection, and from Convection, in 
■which the transfer is promoted hy currents in 
the substance. j 

The points of a body -wbieh at a given in- j 
stant have an assigned temperature 6 lie on ; 
a surface, called an “ isothermal ” surface. If | 
we imagine a series of such surfaces to be ! 
drawn for equal small intervals of d we obtain ' 
a complete mental picture of the instantaneous 
distribution of temperature. In general the 
configuration of these surfaces changes from 
instant to instant. When on the other hand 
it is permanent we have what is called a 
“ sta-donary state. 

The mathematical theory of conduction 
starts -with the assumption that in an isotropic 
substance the fins of heat across a surface 
element dra-wn (in any direction) through an 
internal point P is in the direction of diminish- 
ing temperature, and is proportional to the 
space-rate at which the temperature falls in 
the direction of the normaL Hence if 58 be 
the area of the element, and 6 a an element of 
the normal. to it, the (positive or n^ative) 
amount of heat which crosses in time ot, in the 
direction of is 

( 1 ) 


lx ex 


\ 


U 


whilst an amount 

-Ki 

leaves by the frf>nt face. There is thus on 
the whole a (positive or negative) gain of 
amount 

J:~J5x5t 

rx^ 

To find the consequent change of temperature 
we divide by the thermal capacity of the 
portion of the stratum considered, viz. pcox, 
•«'here p Ls the density, and c the specific 
heat per unit mass. Hence 


■where 


ct pc fr2 
c6 

ct CX- 


pc 


-M 


(2) 

( 3 ) 


-1^58. St, 
cn 


It is this quantity rather than which 
determines the rapidity "vith wEich tempera- 
ture changes ensue, under assigned conditions, 
in a body of given dimensions ; k is therefore 
called the “ thermometric ” conductivity. 
It appears from (2) that the dimensions of a: 
are those of the square of a length divided 
by a time. Hence in geometrically similar 
bodies of the same material the times in which 
analogous changes of temperature take place 
are proportional to the squares of the linear 
dimensions. 

In a stationary state we have cd/ci=0 and, 
therefore, from (2), d=A-f'Ba:, the graph of 
which is a straight line. Thus if the two 
fac^ x=0, x—l (say) of a slab be maintained 
at given temperatures 6^, 


where I* is a coefficient called the “ thennal 
conductivity.” The value of Jc dex)ends of 
course on the thermometric scale adopted, 
and on the nature of the substance. It 
varies also to a slight extent with 6, but this 
is not important unless the range of tempera- 
tures be considerable, and is usually ignored 
in the mathema^ticai theory. It is e^vident 
that the flux is greatest in the direction of the 
normal to the isothermal surface through P, 
and zero in tangential directions. 

The simplest problems are those of linear 
flow, where the isothermal surfaces are parallel 
planes, as when the faces of a large flat plate 
or slab are subjected to given changes of 
temperature, uniform over each. Taking the 
of X normal to these planes we calculate 
the amount of heat gained in time 5t by umt 
area of a stratum of thickness 5x. The 
amount which enters the rear face is 


^ (^1 ~ ^o)j* 


(4) 


The simplest example of a variable tempera- 
ture is that of a sr^Iid bounded by the plane 
x—0 and extending to infinity in the direction 
of X positive, when the surface is subject to 
a periodic variation 

$ = 9^005 <aL . . . (^) 

The work is shortened if we replace (5) by 
and afterwards reject the imagin- 
ary part of the result. Assuming d = 
where u involves x only, we find on substitution 
in (2) 

d^u i(o 


whence K=Ae<l+')“' + Be-(l + ''>m* 


provided 


. ( 6 ) 

. (7) 
- ( 8 ) 


Since in our case n must not become infinite 
with ar, A must vanish, and putting a;=0 we 
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find Hence, retaining only the real 1 

part, I 

^ = cos(aji— ma:). . . (9) 

The fluctuations of temperature are propa- 
gated inwards without change of the period 
(2 t/£*j), with the wave-velocity w/m or 'v'(2k&>), 
but diminish in amplitude as they proceed, 
according to the law e“^. In the space of 
a wave-length (Sv/tu) the ratio in which the 
amplitude is diminished is or 1/536. 

Tins example is of interest as illustrating the 
way in which the daily and seasonal variations 
of temperature at the earth's surface are 
modified as they penetrate into the ground. 
It appears from (8) that the more rapid 
fluctuations have less penetration than the 
slower. Thus at a certain depth the alterna- 
tions of summer and winter may be still 
sensible, whilst the daily variations are im- 
perceptible. The progressive change of phase 
is also to be noticed. At a depth the 
phase is inverted, the temperature being (for 
instance) highest in winter and lowest in 
summer. 

If we start with an initial distribution 

. . . ( 10 ) 

in a solid unlimited both ways, we have, 
assuming ^ = zt sin mx, where u involves t 
only, , 

-^^Km-u=0. . . . (11) 

Hence, determining the constant so as to 
agree with (10) when /=0, 

= sin mr. . . (1-) 

This is a simple example of a “ normal mode ” 
of decay of inequalities of temperature in a 
body left to itself. The smaller the scale 
(2r!m) of the inequalities the more rapid is 
the process of smoothing out. The result may 
be adapted to the case of a slab bounded by 
the planes ar=0, x=l, by making sin mZ=0, 
or m = sttJI, where s is any integer. The normal 
modes corresponding to 5 = 1, 2, 3, . . 
respectively, may be superposed ; thus 

<? = Bie~'^i^sin~ . . .(13) 
where - . . (14) 

The coefficients B, may he determined so that 
(13) shall represent, for f = 0, any arbitrary 
initial linear distribution of temperature in 
the slab (r. Eourier’s Theorem ”). As t in- 
creases, the successivv^ terms in (13) gradually 
diminish, each more rapidly than the pre- 
ceding one, so that the first component is the 
last to survive in appreciable amplitude. 

To investigate the propagation of heat in a 
u n i f orm bar it is necessaiy to take aecoimt of 
the loss by radiation from the sides. The 
usual assumption is that the time-rate of 


loss per unit area of the surface is E^, where 
6 is the excess of temperature above that of 
the environment, and E is a constant, called 
the “ emissivity,” whose value depends on 
the nature of the surface. The loss in time 
ot to an element bx of the bar, from this cause, 
is Ep5a:5i, where jp is the perimeter of the 
cross-section. This leads to the equation 


cl 

ct 


c-d 

— Il9, 

cx^ 


where 




S denoting the sectional area. 

In a stationary state we have 


whence e=Ae’“ + Be-®®, 

• ^ 

if m-=-. 

K 


(15) 

(16) 


(17) 

(18) 
(19) 


Thus if the ends (a;=0, x=V) be maintained 
at the constant temperatures 6^, 6^^ respectively, 
we find 

^0 smh m(Z— a;)-i-^isinhma; 
•• (2°’ 


If the bar is infinitely long we have the simpler 
formula 

e = d^e-^^. . . . ( 21 ) 

To investigate the case of a very long bar 
whose extremity (a;=0) is subject to a given 
periodic variation, we assume in the first 
instance 

6 = 8 ^ 6 ^^^^ . . . ( 22 ) 


as the prescribed terminal temperature. The 
equation (15) then gives 


d^6 _ ‘h + ioj 

dx^^ K 


d, . 


(23) 


To solve this we introduce auxiliary constants 
r and e, such that 

{Ji + 2e -f ^ siu 2e), . (24) 

that IS r- = — ^ tan2e=^. . (25) 

K th 

Then, writing for shortness 

a=rcose, ^=rshie, . . (26) 

we have ^ = + . . (27) 

whence 

. (28) 

Since 5 is to remain finite for x — cc, we have 
A=0, and, putting a;=0, we find B = ^o, by 
(22), Hence taking the real part 

d — cos [iiit — ^x), . . (29) 

corresponding to the prescribed oscillation 
0^ cos (at at a;=0. This contains the theory 
of an important experimental method. 
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The simpl^t case of three-dimensional flow 
of heat is that of symmetry about a point, if 
0 be a function of r, the distance from the origin, 
and only, the flux outwards across a spherical 
surface of radius r in time is 

— i*^47rr^5t. 
cr 

A spherical stratum whose inner and 
outer radii are r and r-For therefore gains 
heat to the amount 


47ri:. 


cr \ crj 


BrSL 


Since the thermal capacity of the stratum is 
4r7rr^cr. pc., the gain is also expressed by 

cd 

4:7rpcr^dr . 

=•»“ 'f-'K'i;)’ ■ • (»> 

where K—kIpc as before. The equation may 
also be written 

^lre)=K^4re). . . (31) 

In a stationary state cdJct^^Of and therefore 

. . (32) 


r 


In the case of a spherical shell of internal and 
external radii a and b respectively, and temperatures 
and we have 

S,=A+|- 


-fence 


Thus 




And if Q denote the outward flux per swxHid, 
d9 

Q— 

dr 

= . . ( 320 ) 

In a sphere which is complete to the centre 
we must have B=0; the only stationaiy 
condition is then one of uniform temperature. 
The second term in (32) would correspond to 
the case of a steady source of heat at the centre. 
When a soHd sphere has an arbitrary 
initial (symmetrical) distribution of tempera- 
ture, whilst its surface is maintained at a 
constant temperature (which we may take as 
zero), the procedure is to ascertain the various 
“ noimai modes.” Assuming that 6 varies 
as 6 we have from (31) 


Cr^ K 

Hence, putting \lK=:m\ 

r9 = A cos mr -j- B sin Tar. 


(33) 


(34) 


Since 6 must be finite at the centre, A=0; 
and since it is to vanish at the surface (/*=a) 
we must have sin 7wu=0, or ma.~f^Tr, where 8 
is integral The normal modes are therefore 
of the type 

■R . . 

(35) 


r 


where 


Xs=- 


(36) 


By superposition of the modes «s = l, 2, 3, . . . 
it is possible to represent the result of any 
symmetrical initial distribution. The most 
persistent mode is that for w’hich 8 = 1, 

When the surface is not maintained at 
constant tem2>erature but radiates into 
surroundings of temperature zero, the total 
flux outwards will be E& . 4x0^. The condition 
to be satisfied for r=u is therefore 


cr 


(37) 


Hence, referring to (34), with A =0, and putting 

. . . (38) 




we find 


tan ma=-:i 


(39) 


\-ha 

This equation determines the admissible 
values of ma. The roots are determined 
graphically by the intersections of the curves 


y=tanr, ^ = 5^. 


(40) 


It appears on drawing the loci that if 
the lowest positive root lies between 0 and 
Jtt, whilst if Aa>l it lies between ^ar and tt. 
The corresponding most persistent normal 
mode is 

^ = sin mr. . . (41) 

In the case of symmetry about an axis, the 
consideration of the flow of heat in and out 
of a cylindrical shell of radius r and thickness 
Zr leads to the equation 

. (42) 


cd c { c6\ 


The condition for stationary temperature is that 
ddjdt should vanish, and hence we must have 
r(d^/dr)= constant, or 

^=A-{-Blogr. . . . (43) 

For a solid cylinder we must have B=0 unless 
there is a source of heat at the axis. In the 
case of a pipe whose inner and outer radii 
are r^, we find 

log {rjr) + g; log (r/i-i) 

log 

The general equation of conduction in three 
I dimensions is obtained by calculating the flow 
! of heat in and out of a rectangular element 
of volume SxSvBz. As in the case of linear 
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flow the gain of heat in time Bt dne to the two 
faces perpendicular to Ox is found to be 

— ki~^^6x . 8 uoz . ot. 

cz^ ^ 

Adding the gains due to the remaining pairs 
of faces we have 

cd (o~B , cH c-^\ 

7r7 = K(^-T- — . . (4o) 

ct \cx- cy^ ^ 

From this the particular cases (30) and (42) 
might be- derived by transformation of co- 
ordinates. The expression in brackets is 
often denoted by \H. It gives a sort of 
measure of the extent to which the average 
temperature in the immediate neighbourhood 
of (a;, 2 ) exceeds the temperature at this 

point itself. Thus the excess of temperature 
at an adjacent point (a;+^, y-ry, s-i-i') is, to 
the second order, I 


The usual method leads to 


cy dz -^Xcx- cy- cz- 


+2^%i-+2£^ 
cycz CZC2 


c$ 1 

'Cli cv 


F ;= — }• 

\CX cy 

c-B 

B'^B 


r o 

, , 

rx-^ 

-cy- 

'"cz- 


where at, ^ 
‘ fC 


(46) 


^~cycz'^ ‘ • clcv^V ' ‘ 

The average, values of over a spherical 

region of small radius r having its centre at 
(z, y, z) are each equal to whilst the 
averages of the remaining functions in (46) 
are zero, since they are as much negative as 
positive. The average excess is accordingly 

. . . (47) 

Ee versing the sign, the expr^sion is 

called the concentration ” of 6 at the point 

(X, y, 2). 

The condition of stationary temperature is j 


“CZCX 

_ 2(^^3_A^32 
pc 


■, etc. etc. 


By a special choice of co-ordinate axes this 
equation can be brought to the simpler form 


^ ox“ cy-^ 


The new axes may he called the principal axes 
of conductivity. 

If we further imagine the body transformed 
by an homogeneous strain, writing 




where k may he chosen arbitrarily, we get 

fc^B Z-d d^d\ 

which has the same form as for an isotropic 
medium. Hence results obtained on the 
hypothesis of isotropy can be transformed so 
as to be applicable to the more general case. 
For instance, the isothermal surfaces due to 
a source of heat at the origin are, in the case of 
isotropy, the spheres 


V2^=0. . . . (48) 

This is identical in form with the equation 
satisfied by the gravitational or the electric 
potential in free space. Consequently many 
of the theorems of Attractions and Electro- 
statics have their analogues in the present 
subject. For instance, when the surface of a 
solid of any form is maintained at a uniform 
temperature the temperature (when stationary) 
must be uniform throughout the interior. 

So far, isotropic substances have been in 
view. In a crystalline structure the flux of 
heat across any surface is not determined 
solely by the temperature gradient in the 
direction of the normal The natural exten- 
sion of the previous assumption is that the 
fluxes per unit area and per unit time across 
surfaces perpendicular to x, y, z respectively 
are 



+ const. . . (56) 

In the crystalline case they are the ellipsoids 

X“ 

r/ + ^/ + —/ = const. . . (57) 

A-i ^2 

The corresponding investigation for conduction 
in two dimensions gives the theory of de 
Senarmont’s classical experiments on con- 
duction in crystalline plates. h. l. 

HEAT, CONYECTION OF 

§ (1) Co2TO3CTiON CxTERBXTS. — The article on 
“Heat, Conduction of,” has been concerned 
mainly with the transference of heat through 
bodies the parts of which, except for possible 
molecular and electronic diff^ion, are at 
rest relative to each other and to their bound- 
ing surfaces. Where such relative motion 
occurs and is associated with temperature 
gradients, heat is conveyed by the moving 
matter and is then said to be transferred by 
“ Convection.” The phenomenon is practi- 
cally limited to fluids, and it occurs so readily 
in them that, as was shown in the article 
on ^‘Heat, Conduction of,” the main difii- 
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eulty in measuring the conductivity of a gas 
or liquid is the suppression of these rntemal 
currents. 

It is usual to distinguish tTi'o types of con- 
vection currents, namely “ natural ” and 
“ forced.” The former are essentially gravity 
currents which are caused by differences in 
density in the body of a fluid due to differences 
in temperature, as, for example, those caused 
by the cooling of a hot object when brought 
into a still atmosphere. The latter are due to 
extraneous causes, and they may modify or 
completely obscure the natural currents. An 
example of “ forced ” convection is the cooling 
of a hot object by wind or artificial blast. 

The subject of convection has long engaged 
the attention of physicists. Thus over 200 
years ago Newton propounded a law ^ to the 
effect that the rate of cooling of a hot body in 
a stream of air is proportional to the difference 
in temperature between the body and the air. 
The subject is, however, still in a comparatively 
undeveloped stage ; nor is this to be wondered 
at when it is reahsed that the problem of cal- 
culating the beat conveyed by a moving fluid 
involves a combination of the Fourier equations 
of conduction with those of hydrodynamics. 
The simplifying assumptions necessary to 
obtain solutions have, as a general rule, 
restricted seriously the usefulness of the 
results. 

§ (2) Forced Convection, (l) Stream- 
line Flow : Boussinesq^s Theory . — Forced con- 
vection has been considered theoretically bj" a 
number of mathematicians. One of the most 
important contributions was that of Bous- 
sinesq,2 who was the first to treat fully the 
cooling of a heated body by a stream of fluid 
when the flow is not turbulent It was assumed 
that the fluid was inviscid and incompressible. 
Subject to these and other simplifying assump- 
tions, Bonssinesq obtained a generalised solu- 
tion according to which the heat loss is directly 
proportional to the temperature difference (the 
full solution is referred to in subsection (iiL) 
below). He ^ also solved a number of special 
cases, such, for example, as strips and cylinders 
with their long axes at right angles to the flow. 
For the latter the heat loss is found to be 
proportional to the temperature difference and 
to the square root of the velocity multiplied 
by the diameter or breadth. Independent 
proofs of several special cases, including these 
just mentioned, are also given by Russell.’* 

(h.) Verification. — ^There is a considerable 
body of evidence available as bearing on 
Boussinesq’s conclusions. Healing first with 

^ This law is often taken to apply to natnral con- 
vection, thouah Newton expressly said that it was 
given for a body “ not in still air but in a. uniform 
current of air.” 

* Compter Rendus, 1901. cxxxiii. 257. 

* Joum. de ifoiA,, 1905, i. 2S5. 

* PhU. Mag., 1910, xx. 591. 


j the proportionality of convection loss and 
I temperature difference, this may be regarded 
! as a general law, of which Newton’s law is a 
j special application. The latter deals with the 
total heat loss from a body, due to radiation as 
weU as convection. The radiation loss is w'ell 
known to be proportional to 
and Tq being the absolute temperatures of 
the body and its surroundings, or to T^ - Tq, 
where the difference in temperature is small, 
for in this case Tj* - Tq"* is approximately 
I equal to 4Tq^(Tj“ro)- Accepting Boussi- 
nesq's conclusion, it follows at once that the 
total heat lo^ (by convection and radia- 
tion) wiU be proportional to the temperature 
difference when the difference is small, and 
j it will also be proportional for large differ- 
! ences in temperature if the wind velocity 
j is sufficiently ^eat to make the radiation 
, loss neghgible in comparison with the con- 
i vection loss. These are limiting conditions 
I which have been shown to apply to Newton’s 
i law. !MitcheIl,^ for example, experimenting 
on the cooling of a copper sphere 5 cm. in 
diameter, found that at least within the 
limits of temperature differences up to 200"^ 
C. and vind velocities up to 1666 cm. per 
second, Newton’s law held, and that it was 
accurate for a temperature difference which 
increases with increasing velocity of the air 
current. Compan,® using a sphere 2 cm. 
in diameter, verified the law up to 300° C., 
while King^ showed that for fine wires the 
convection loss was still very nearly propor- 
tional to the temperature difference, even 
when the latter was as large as 1200° C. 

As regards Boussinesq’s other conclusions, 
relating to the eff^st of velocity and linear 
dimensions, a reference may be made to 
experiments on cylinders, since these have 
covered the range from the finest wires to 
large pipes. In general, the procedure in 
such experiments has been to measure the 
energy input required to keep the body at a 
constant temperature. If, then, the emission 
coefficient of the surface is known, the heat 
loss hr radiation can be calculated and the 
convection lo^ determined by difference. 

The case of wires has been very fully in- 
vestigated, notably by Kenneliy,® Morris,® 
and King.^° The last-named, in particular, 
conducted a most exhaustive research, both 
theoretical and experimental. Boussinesq’s 
approximate solution for the rate of heat loss 
! by convection from a cylinder was 

where 0 is the temperature difference, V the 

5 Trans. R.S. Edin.. 1901, xl. (1), 39. 

• Ann. de Cfdmie phys., 1902, xxvi. 482. 

" Phd. Trans. R.S., 1914, ccxiv. 373. 

* Trans. AJ.E.E., 1909, xxviii, 303. 

® Electrician, Oct. 4, 1912, p. 1050. 

Loc. cit. 
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velocity of the stream, d the diameter of 
the ■wire, and A is a constant whose value 
is N 32Gpi'/x. Here c, p and I* signify as usual 
the specific heat, density and conductivity. 
King carried the mathematical analysis 
further and showed that for values of Vd 
greater than 0-0187 cm. -/sec. 

h = 6(B\^Vd-hC), 

B and C heing constants of value 
and h respectively. He conducted experi- 
ments on -wires from 0-003 to 0-015 cm., 
using velocities ranging from 17 to 900 cm. 
per second and temperature differences from 
200° to 1200° C. The wires, which were of 
platinum, were fixed at the end of a whirling 
arm and their temperatures were determined 
by their resistances as measured on a special 
bridge. For full particulars as to the various 
corrections, reference should be made to the 
original paper. The above formula was 
confirmed, B and C being found to be nearly 
constant and to be in reasonable agreement 
■with the theoretical values. 

For larger cylinders the work of Hughes^ 
may he referred to. He experimented on 
cylinders of 0-43 to 15-5 cm. in diameter and 
with velocities from 200 to 1500 cm. per 
second. The cylinders were fixed across a 
wind tunnel and were heated internally by 
steam, the amount condensed giving the 
energy dissipated at the surface. The -wind 
velocity was measured by a Pitot tube. The 
experiments gave 

^ccd”*V”, 

value of m being 0-57 and n varying with 
diameter from 0*55 for small diameters to 
nearly 1-0 for large diameters. Hughes’s 
results seemed to fall intermediate between 
those of Edng for -wires, where the convection 
loss depends approximately on \ V, and those 
of Hejnolds,- Nicholson and others for large 
bodies where the convection loss is propor- 
tional to V. 

As bearing on this point it may he men- 
tioned that Compan, using a sphere 2 cm. 
in diameter, verified within narrow limits of 
temperature and velocity Boussinesq’s theory 
that the heat loss varied as \'T. Langmuir,^ 
too, experimen-ting on a flat surface with 
wind velocities up to 410 cm. per second, 
gives the convection loss as proportional to 
\'V. Mtchell, on the other hand, with his 
sphere of 5 cm. diameter, seems to have 
found that the convection loss was directly 
proportional to V up to a speed of 750 cm. 
per second, when the air motion becomes 
turhnlent- 

(iii.) Principle of Similitude . — The correla- 

^ PhU. Mag., 1916, xxxi. 118. 

* Proc. Lit. Phil. Soc. Manchester, 1874, xiv. 0. 

* Trans. Amer. Electrochem. Soc., 1913, xxlii , 323. 


tion of experimental results obtained under 
"Widely different experimental conditions can 
be conveniently considered in the light of 
the principle of similitude. In a short but 
highly instructive paper Bayleigh ^ has 
indicated the possibilities of applying this 
principle to the problems of convection. He 
took Boussinesq’s case of the heat loss from 
a hot object at constant temperature, which is 
immersed in an incompressible fluid moving 
with velocity V, the fluid being first supposed 
to he inviseid. He postulates that the heat 
loss in unit time will depend on the folio-wing 
quantities, the dimensions of which are given 
in brackets : 

I the linear dimensions of the body (Lh 
6 the temperature difference (0). 

V the stream velocity (LT"^). 

C the heat capacity per unit volume 
(HL-iT-20-1). 

h the conductivity of the fluid (iILT"^0-i). 

Assigning arbitrary indices to the above 
quantities the heat loss per unit time (ML-T"^) 
may be written 

whence we have by mass 1 =2/ -fz, 

by length 2 = v -^x-y+z, 
by time -S = -x-2y-Sz, 
by temperature 0 = 2 v-y- z. 

Solving these equations in terms of one of the 
unknowns (say x), we get 

v = l-i-x, 10 = 1, y=x, z = l—x. 

Hence suhstrtuting and collecting indices 

Since x Is undetermined and VC?/^' of zero 
dimensions, any number of terms of this 
form may be combined and aU that can be 
concluded is that 

where F is an arbitrary function of the one 
variable YClfh. The above equation agrees 
■with Boussinesq’s general solution. 

The omission of viscosity from the discussion 
is, of course, a serious departure from practical 
conditions, and Rayleigh proceeds to consider 
the effect of introducing a factor in his 
original equation, v being the kmematical 
■viscosity of dimensions (L^T~^). Proceeding 
exactly as above and sol'ving in terms of u 
and X he gets 

Here x and u are both undetermined and the 

* Nature, 1915, xcv. 66; see also “Dynamical 
Similarity, Principles of,” §§ (27)-(32). 
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variables in the brackets are of zero dimensions. 
Hence the conclusion is 

!)■ 

Cp/k appears to be a constant for any particular 
gas (see Table V., article, “Heat, Conduction 
of ”), and not to vaiy greatly from one gas to | 
another, so that for the same gas, or approxi- i 
mately for all gases, the second term of the I 
function becomes a constant, while the first ‘ 
can be written Xljv or VdyV for a cylinder of : 
diameter d with its long axis perpendicular 
to the flow. The formula for this latter case i 
then becomes * ; 

If, now, the rate of heat loss per unit length 
is plotted against Vi, a constant relation 
should be obtained for all cylinders. 

Davis ^ has considered the data, applying to 
various sizes of cylinder, and tested them in 
the above manner. He took the conditions 
of Hughes’s experiments, namely, a cylinder 
at 100® C. surrounded by air at 15® C., and for 
values of Vi =500 and 1000 calculated the 
heat loss for fine wires, using King’s formula 
and constants. The results are shown in 
Fig. 1, together with Hughes’s values and 
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Vd >- 

Fig. 1. 

some results obtained by Carpenter ® for 
5 cm. steam pipes. It will be seen that the 
extrapolation of King’s formula gives remark- 
able agreement with the curve for larger 
cylinders. The velocities required to give the 
value Vi of 500 with a thin wire of 0*003 cm. 
would be too great to allow this extrapolation 
to be confirmed experimentally. 

(iv.) Turbulent Flow. — Very little experi- 
mental work has been done on the heat loss 
due to turbulent flow, except in the ease of 
pipes. Oshome Reynolds,® dealing generally 
^ PhU, Ifoflr., 1920, xL 692. 

* Quoted in Trans. Amer. Eledmehem. Soc., 1913, 
xxiii. 324. 

* Pro€. Lit. PhU. Soc. Manchester, 1874, xiv. 9. 


with the subject, states that convection in 
this case is due to two causes, namely, natural 
internal diifusion and the visible eddy motion 
which mixes the fluid up and continually 
brings fresh particles into contact with the 
surface. He deduces the formula 

h = (A-hBp\y, 

A and B being constants and V and p the 
velocity and density of the fluid. A is small, 
so that h is approximately proportional to V. 
Stanton ^ has verified l^ynolds’ theory 
experimentally and finds that A varies as V” 
where ti is a little less than unity. 

The effect of the change from stream-line 
motion to turbulence on convection loss dr^es 
not seem to have been investigated. Russell ^ 
has obtained theoretically an approximate 
formula for stream-line motion in a pipe, 
according to which the convection loss varies 
as \'V. The critical velocity at which eddy 
motion occurs has been shown by Cdker and 
Clement ® to vary directly as the viscosity 
and inversely as the diameter. It is useful to 
note that these variables are associated In 
the same way (i.e. Vd/V) m Rayleigh's 
similitude formula. 

§ (3) Co^'CLusIONS ON Foeceb Convection. 
— (i> The heat loss by forced convection 
from a hot surface is proportional to the 
temperature difference between the surface 
and the ambient fluid. This has been shown 
by Boussinesq from hydrodynamical reasoning, 
by Rayleigh from the principle of rimilitude, 
and it is confirmed by a considerable mass of 
experimental evidence. 

(il) For stream-line flow the heat loss is a 
function of the product of velocity and linear 
dimensions. Th^ has been shown theoretic- 
ally by Boussinesq and Rayleigh. 

The work of Kin g on fine wires makes the 
heat loss proportional to (\ Vd -I- constant). 
The results on larger cylinders, spheres, and 
flat surfaces are conflicting, some observers 
finding that the heat loss varies as \^V and 
others that it varies as V. 

(iii.) For turbulent flow in pipes the heat 
loss is proportional to the velocity. 

§ (4) Katuhal Convection. (L) Farlg Re- 
sults . — ^The gravity currents set up in a fluid 
in the proximity of a hot object have been 
investigated both theoretically and experi- 
mentally. The first work of importance was 
1 that of Dulong and Petit, to whom are due 
an elaborate series of experiments on the 
cooling of hot bodies. Their researches, 
published in 1817,’ are practically confined to 
the heat loss from thermometer bulbs sur- 
rounded by constant temperature enclosures. 

* PhU. Trans. P.S., 1897, cxe. 67. 

‘ Phil. Mag., 1910, xx. 591. 

• PhU. Trans. P.S., 1903, cci. 45.^^ 

’ Ann. de Chim. et Phys., 1817, vii 
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By exhausting the enclosure and observing the 
rate r>f cooling of the bulb the heat loss due to 
radiation was determined* Experiments were 
made with the same bulb and eaelosui“e when 
the latter was filled with gas at varying 
pressures. As a result the following empiric^ 
formula was deduced for the convection loss : 


where m is a constant depending on the shape 
and position of the body, ;> the gaseous pressure, 
and ^ the temperature difference. 

The work of Duiong and Petit was sup- 
plemented by that of Peclet ^ on the value of 
m for bodies of simple geometrical shape. He 
measured the rate of cooling of hollow metal 
cylinders, spheres, and prisms filled with 
water. He used bodies ranging from 5 to 
30 cm. in diameter and 5 to oT) cm. in length. 
Great care was taken by means of elaborate 
stirring devices to keep a uniform temperature 
inside the vessels, and they were placed inside 
a large water- jacketed cylinder about 80 cm. 
in diameter and 100 cm. high. 

According to Peclet the heat loss hy convec- 
tion is not proportional to the area of the 
surface but increases more slowly for bodies of 
fairly large size. Thus for spheres he makes 
the heat loss proportional to (1-778 + 0*13/r) 
and for horizontal cylinders (2-0584'0-038/r), 
where r is the radius in metres. Formulae 
are also given for vertical cylinders and vertical 
walls, the latter being of the form a-^bj \ B. 

(ii.) Lorenzs Theory. — After Peclet, the 
heat loss from a vertical surface freely exposed 
to air was investigated mathematically hy 
Lorenz.^ He made a number of assumptions 
regarding the upward air streams in the 
vicinity of the plate- Thus the temperature 
of the air on crossing the hoiizontal plane 
through the lower edge of the plate is supposed 
to be that of the air at an infimte distance : 
it is assumed that the air moves from the 
b::fttom to the top of the plate at a constant 
speed and that horizontal currents, which 
might be due to expansion, are negligible. 
On this basis Loienz arrives at the formiiia 


where H is the height of the plate, 6 the 
temperature difference between the plate and 
the air, the latter being at a temperature T, 
and c, p, h, rj are respectively the specific 
heat, density, conductivity, and viscosity of 
air, and g the gravitation^ constant, h, the 
heat loss, is expressed in cals, per sq. cm. per 
second. It will be observed that the exponent 
of d, namely T25, agrees closely with the 
1-233 found by Bulong and Petit. The 
formula gives the heat loss as vaiying with 


^ Traits de la fTialevr, 1800. trails, by Pauldinf^ 
Van Nostrand Co., 1904. 

* A7in. der Phys., 1881, xiii. 582. 


height in the ratio 1/H^ (for a further dis- 
cussion of ‘‘ height effect ” see § (4) (v.) below). 

(iii.) Verification. — As hearing on Lorenz’s 
formula, the experiments of Langmuir ® on 
a vertical disc of diameter 19-1 cm. may be 
referred to. The disc was heated by a 
resistor element in contact with the back 
surface and was embedded in a cylinder of 
j larger diameter, consisting of insulating 
I material, the exposed surface of the disc being 
; flush with the insulation. The temperature 
i of the disc was determined by a thermo- 
I couple, and the watts required to maintain 
I it at a constant temperature w'ere measured. 

I In order to reduce the radiation to a minimum 
j the surface was of highly polished silver, the 
! emission coefficient of which, calculated from 
I Hagen and Ruben’s formula, varied from 
I about 1-7 per cent at 50° C. to 3-5 per cent at 
600° C. of that of a black body. By this 
means the radiation correction, even at 600° C., 
was kept as low as 20 per cent. The convection 
loss was found to fit a formula 

A =0-0000466^5, 

so that, as regards the dependence of heat 
loss on temperature difference, Lorenz’s deduc- 
tion was confirmed. The numerical constant 
given by his formula, taking H the average 
height of the disc to be 15 cm., was 0-0000485. 
i Seeing that Lorenz’s assumptions only applied 
I for small temperature differences and that he 
i took no account of the temperature variations 
; of conductivity, viscosity, and density, it is 
I surprising that his formula holds so well up 
I to 600° 0. 

Langmuir also investigated the effect of 
orientation of a flat surface, using the silvered 
disc above referred to, and found that the heat 
loss from a flat surface with face upAvards was 
slightly greater than from the vertical surface, 
while the latter was considerably greater than 
that for a horizontal surface with face down- 
wards. The results are shown graphically 
in Fig. 2. Apparently in all three cases the 
heat loss varied as 

Some experiments have also been made at 
the National Physical Laboratory ^ on large 
vertical plates. Experimenting, first, with a 
plate freely exposed to the atmosphere, the 
convection loss was found to be 0-0000475(95 
calories per sq. cm. per second, which agrees 
with Langmuir’s value. The 
plate used was of polished aluminium, 126 
cm. square, and the temperature difference 
varied up to 100° C. 

The convection transfer across enclosed 
spaces between vertical plates was also in- 
vestigated. It was found that, for air spaces 

* Trans. Amer. Electrochem. Sor., 1913, xxiii. 299. 

J -Heat Transmission by Convection 

Radiation,” published by the Pood Investigation 
Board (1921). 
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of 1*2 cm. and over, the transfer was inde- 
pendent of the thickness and varied as 
0-0000294^5. Here d is the temperature 
difference between the hot and cold plates, 
and since the temperature of the enclosed air 
is intermediate between that of the plates it 



0 100 200 300 400 500 *C. 

Temperature of Surface in‘C. 

Fig. 2. 

would be expected that the coefficient would 
be lower than that for the plate in the open 
atmosphere — in fact, of the order of one-half. 
The subdivision of the enclosed space by a 
horizontal partition into two equal spaces was 



Temperature difference 6 between plates (lower curse) 

, , plate and alr( upper ource) 

Fig. 3. 


found not to effect appreciably the heat loss 
per unit area. 

The results of the experiments are illustrated 
in Fig. 3. 

(iv.) Langmuir's Fxperwients and Theory . — 
So far all the experimental work quoted 
has tended to confirm the 9^ law closely up to 
temperatures of 600° or 700° C. LangmuirA 
however, extending the work of Ayrton and 

5 Phys. Rer., 1912, xxxiv. 401. 


’ Kilgour on fine platinum vires nearly to the 
' melting-point of platinum, found a consider- 
able increase in the exponent of 9. He used 
' wires ranging in diameter from O-CKH to 
0-050 cm. The wires gave rather abnormal 
; coefficients for Caliendar's formula, con- 
; necting temperature and resistance, namely 
0-0035 for a and 1-72 for 5, as against 0*0039 
and 1*50 for the purest platinum. The 
temperatures of the vires were calculated from 
the resistance, using the parabolic formula 
to 1100" C. and from 1100° to the melting- 
point a linear formula™ It vas estimated that 
the temperatures were obtained vithin 20° at 
llKX)° C. and some 50° at 1750° C. The length 
of wire used was about 50 cm., and a measure- 
ment of the current and of the volt drop, on 
the length of the wire unaffected by end cooling 
j effects, served to give both the energy supplied 
; to, and the resistance of, the length in question. 

For the radiation cvorrection the figures of 
Liinimer and Kurlbaum as to the emissivit3" 
of platiauni at various temperaturc-s were 
used. For the smallest wire of -0C4 cm„ 

' diameter the loss by radiation at 1630° C. 

■ was only S per cent of the total loss, while 
for the largest wire, -05 cm., it amounted to 
I 38 per cent. Langmuir found that for air the 
I exponent of ^ in the Dulong and Petit formula 
iucreased from 1-24 to 1-53 at 1430° C., and 
similar increases were found for nitrogen, 
darbon dioxide, and hydrogen. As a result of 
the experimental work on wires and fiat discs 
Langmuir has put forward his film theory,” 
which seeks to explain in a simple but compre- 
hensive way the phenomena of convection. 
He points out that, according to the kinetic 
theory, the viscosity of a gas increases with 
the square root of the absolute temperature, 
and that the thermal conductivity also 
increases rapidly with temi>erature, while the 
driving force of the convection currents, which 
is proportional to the difference in density 
betv'een the hot and cold gas, only increases 
slowly with temperature. He expresses the 
opinion that there is a stationaiy' film of gas 
of definite thickness in contact vith any hot 
object at high temperature, and that free 
convection consists essentially of conduction 
through this film and can be calculated from 
the ordinary laws of conduction. Taking 
first the case of a fiat surface, the rate of heat 
loss per sq. cm. through the film of thickness 
j B would be given by 

I 1 

! I-dT. 

I 

! k is not a constant for the big ranges of 
I temperature in question, and in order to 
. evaluate the integral it is necessaiy to express 
I jfc as a function of T. This is done by using 
, Sutherland’s formula for change of viscosity 
1 with temperature as combined with the 
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relation between viscosity, specific heat, and 
conductivity (see § (10) (iii.) of article, “Heat, 
Conduction of By this means the values of 

/■Ti 

I 1‘dT were calculated for a series of tem- 

•^To 

peratnres. The value of B can then be ob- 
tained from the experiments on the plane 
surface. Knowing the rate at which the 
surface is losing heat by conductivity through 
the film, it was found that B was independent 
of temperature and has a value about 0*45 cm. 
In the case of wires the thickness of the film 
depends on the diameter of the wire. Making 
the assumption that not only the temperature 
but the temperature gradient at the outside 
of the film is the same in all cases, it can be 
showTi that the diameter h of the film round 
a wire of diameter a is related to B, the 
thickness of the film for a flat surface, by 

6Iog,5=2B. 

Langmuir’s observations seem to indicate that 
b for any particular wire is independent of 
temperature, and the mean of all his observa- 
tions on wires gave B=0-43 cm. The agree- 
ment between the value of B as deduced from 
experiments on a flat plate and on wires of 
various diameters is remarkable, and as yet 
no satisfactoiy explanation is forthcoming. 
It should be pointed out, however, that the 
whole theory built up by Langmuir is based 
on certain deductions as to the change of 
conductivity of the gas up to high temperatures 
on which no direct experimental evidence is 
yet available. Further, the use of a hot-wire 
anemometer indicates the existence of very 
appreciable air streams within a distance of 
•45 cm. from a plane surface, so that the theory 
cannot, at any rate, be accepted as a literal 
interpretation of the phenomena of convection. 

(v.) Principle of Similitude . — As in the case 
of forced convection the principle of Similitude 
finds a suggestive application to natural 
convection- Richardson ^ and Davis ^ have 
recently shown how to apply the Hayleigh 
method to this ease. Taking a set of variables 
s im ilar to that adopted by Boussinesq in his 
hydrodynamical treatment of natural convec- 
tion we get 

Here h, I*, 6, 7, and C have the same significance 
as in § (2) (iiL) above; A depends on the 
acceleration of the convection current, and 
is clearly proportional to g(5p/p) where 5p is 
the change in density due to unit change of 
temperature, p being the density of the gas. 
The dimensions of A are 

The expression given above is equivalent to 

^ Proc. PTiys. See., ilay 1920. 

* PkU. Mag., 1920, xl. 692. 


I that deduced by Boussinesq. It takes no 
' account, however, of the viscosity of the gas, 

, but this can be done in precisely the same 
I w'ay as that given for forced convection. The 
I result is, as before, the introduction under 
j the functional symbol of another variable 
} eVy k, which, for the same gas and for moderate 
: temperature ranges, is a constant, and does 
i not therefore alter the equation given above, 
j It is probable that the form of the function 
is far from simple, but, from the experimental 
> evidence available, certain conclusions can be 
j drawn. For example, taking the variation of 
I heat loss with temperature, a wide range of 
j experiments has shown, that it varies as 6^, 
where the value of n is about 1*25. Thus Du- 
long and Petit, Peclet, Compan give the value 
as 1*23 ; Langmuir and the National Physical 
j Laboratory find 1*25 ; w'hile Lorenz on theo- 
retical grounds arrives at a value 1*25. 

If the temperature and size of the object 
alone are variable, as would he the case in 
air under atmospheric conditions, then, since 
C, A, and k remain constant, the equation 
becomes 


j and since the index of 0 is we have 


and 


<p{eP) = (9P)^. 
hoedi , 


j Hence in general 


^cci9l-25p.75^..50.5^.25^ 

It is interesting to consider the bearing 
of this expression on the case of vertical 
surfaces of different heights. The heat loss 
per unit area is given by 


I This agrees with Lorenz’s solution (see § (4) (ii.) 

I above). Actually the variation seems to be 
even less, as was shown by some recent ex- 
periments by Griffiths ^ at the National 
Physical Laboratory. He took a waU 8 ft. high, 
and divided it horizontally into twenty-five 
separate elements, which were maintained at 
the same temperature by independently heated 
coHs. The heat dissipation from each element 
was determined and gave the result shown in 
Fig. 4. 

It will he observed that the heat loss per 
unit area decreases rapidly to a minimum 
value (at about 50 or 60 cm. from the bottom), 
then increases slightly and reaches a steady 
value. That the lower elements swept by 
colder air should lose more heat is to be 
expected, but that there should be a minimum 
is somewhat surprising. The only plausible 
explanation appears to be that stream -line 

1 * Report on “ Heat Transmission,*’ Food Investiga- 

tion Board. 



KEAT, MECHAMCAL EQUIYALEOT OP 


477 


motion of the air persists up to a certain 
height, beyond which turbulence sets in. A 
further series of experiments at the National 
Physical Laboratory ^ on vertical cylinders, 
varying from 4*5 to 263 cm. in height, 
showed the heat loss per unit area to be 



Fig. 4. 

practically independent of the height above 
a limit of about 50 cm. It was found, too, 
the value of rz in the formula had a mean 
of about 1*25, but that it showed a tendency 
to increase with height — as appears in the 
following table : 


Height of 
Cyhader 
in cm. 

Value of n. 

1 Height of 

1 Cylinder 

1 in cm. 

1 

Value of n. 

1 

4-6 

1-23 

1 58 

1*25 

8 

M7 

1 88 

1-28 

15 

1-18 

i 176 

1-30 

29 

! 1*25 

i 

' 263 

1-34 


The value of n for the largest cylinder is 
nearly It is interesting to note that, 
from considerations of Similitude, the index 
I means that the heat loss per unit area is 
independent of the height, and, as stated 
above, experiment has shown this to be the 
case. 

The law of variation of convection loss with 

^ Report on “ Heat Transmission,” Food Investiga- 
tion Bmrd. 


pressure of a gas can also be deduced from 
principle of Similitude provided that the 
variation of heah loss with temperature is 
known. Thus if the value of n is taken as 
f , we get 

and since C, the heat capacity per unit volume, 
is proportional to the density and therefore to 
the pressure, we have 

hccp’^. 

This is in fair agreement with Pulong and 
Petit’s experimental value of 0*45 for the 
index, while if their value of m is taken (1*23) 
the agreement is even closer, giving an index 
of 0*47 instead of 0*5. 

The above examples serve to indicate the 
use which may he made of the principle of 
Similitude in the treatment of the problems 
of natural convection. 

§ (5) CoxcLXJSioxs ON Natijhal Convec- 
tion. — (i. ) The heat loss from a hot surface is 
approximately proportional to 6^ where 9 is 
the temperature difference between the sur- 
face and the ambient fluid. 

This law represents with fair accuracy the 
results obtained experimentally for different 
shapes of surface and for values of ^ up to 
600"^ C., and it is in accordance with the 
mathematical solution given by Lorenz for a 
vertical suifec®. For very large surfaces the 
index shows a tendency to increase. 

(ii) The heat loss has been shown experi- 
mentally to vary asp*^ where p is the pressure 
of the gas. 

Neither this law nor the preceding one can 
he deduced generally by hydrodynamical 
reasoning or from the principle of Similitude, 
but they are mutually consistent with the 
solutions obtained on these lines. 

(iii.) Peclet has obtained empirical formulae 
for the effect of shape and size on the heat 
loss. For any body of linear dimensions over 
about 40 cm. the scale effect is unimportant, 
i.e. the rate of heat loss i)er unit area is 
approximately the same, being about 0-000045 
6^ cals, per sq. cm. per sec. p. h. s. 

HEAT, lyiECHANICAL EQLTIVALENT OF 

§ (1) Histoeical. — The principle of the 
Conservation of Energy states that in all its 
forms energy remains a constant quantity, 
however many transformations it undergoes. 
In other word^ if energy is made to pass from 
any condition such as that of matter in motion 
in'to any other condition such as molecular or 
electrical energy, the numerical value of the 
resulting effect depends simply on the quantity 
of energy so transformed, not on the method 
of transformation, the materials, time, or any 
external conditions. 
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The demonstration of the truth of this | 
principle by experimental evidence has engaged j 
the attention of many investigators during the 
past eighty years, but the foundations of our ! 
belief may be said to have been laid by Newton | 
when he enunciated his third law, “ Action and , 
reaction are equal and opposite.” j 

Professor Tait ^ has pointed out that it is a ; 
matter for regret that Newton’s own explana- 
tion of the terms action and reaction have been ; 
so little considered and discussed by succeeding 
generations. There are two entirely distinct 
senses in which these words may be used. 
Action in the one sense is a force only, and to 
this interpretation attention is and has been 
almost universally directed. 

Newton's second interpretation of his third 
law is of great importance. It is as foUows : 

‘‘ If the activity of an agent be measured 
by the product of the force into its velocity 
and if similarly the counter activity of the 
resistance be measured by the velocities of 
its several parts, whether these arise from 
friction, adhesion, weight, or acceleration, 
etc., then activity and counter activity in all 
combinations of machines will be equal and 
opposite.” 

It should be noted that by the t'docity 
Newton meant the component velocity in 
the direction of the force. This interpretation 
tells us that the kinetic energy of a system 
is increased by an amount equal to the work 
done in producing motion where the only 
resistance is that due to acceleration. Where 
the work is done against friction, however, 
the visible energy of the system suffers decrease. 
The principle of the conservation of eneig}% 
therefore, could not be regarded as established 
onl^ it could be shown that the visible 


or no attention. Natural philosophers were 
retarded in their progress by their belief in 
the theory of caloric. The existence of an im- 
ponderable, indestructible fluid termed caloric 
was practically assumed in all discussions on 
natural phenomena. 

Count Rum ford was the first to question 
publicly the popular caloric theory, when in 
1798 he gave an account of his experiments. 
He placed a hollow gun-metal cylinder beneath 
a blunt steel borer and observed that after 
I the cylinder had made about a thousand 
I revolutions its temperature had risen from 
j 60^ to 130^ F., while the scaly matter abraded 
I by the friction weighed only 837 grains troy, 
j “Is it possible,” he writes, “ that such a 
1 quantity of heat as would have caused 5 lbs. 
of ice-cold water to boil coifld have been 
furnished by so inconsiderable a quantity 
of metallic dust merely in consequence of a 
change in its capacity for heat ? ” ^ 

I The Calorists, however, were not convinced. 
Even when Rumford proved that the capacity 
for heat of the solid was the same as that of 
the dust, they said that, although the heat 
required to change the temperature of equal 
masses was the same, yet the solid metal 
contained a greater quantity of heat than the 
dust. 

I Rumford answered that if the heat were 
; rubbed out of the material, a time must come 
I when all its heat would be exhausted, whereas 
' there was no evidence that such was the case. 

I He also proceeded with further experiments in 
which the metal was immersed in water, and if 
we work out the results of those experiments 
we find that 940 foot-pounds of work would 
raise one pound of water through 1® F. His 
final argument was as follows : 


energy thus apparently destroyed is propor- 
tional to the heat developed against friction. 

The idea that heat is a form of motion and 
therefore of energy is no modem contrivance. 

Before the time of Newton, Lord Bacon ^ 
stated that '* the only conclusion that he 
could draw from the whole of his facts is a 
veiy general one, viz. that heat is motion.” 

He based this conclusion on a consideration 
of several means by which heat is produced 
or made to appear in bodies : as the percussion 
of iron, the friction of solid bodies, the collMon ; 
of flint and steel, etc. “In all these examples 
heat is produced, or made to appear suddenly, 
in bodies which have not received it in the 
usual way of communication from others, 
and the only cause of its production is a 
mechanical force or impulse or mechanical 
violence.” 

Lntil the beginning of the nineteenth 
century, however, this pregnant suggestion 
of Bacon’s appears to have attracted little 

^ Recpjit Adva7ioes in Physical Science, pp. 32-34. 

® Black’s Lectures on Chemistry^ i. 31-32. 


“ In reasoning on this subject we must not forget to 
consider that most remarkable circumstance, that 
the source of heat generated by friction in these 
experiments appeared evidently to be inexhaustible. 

“ It is hardly necessary to add, that auy f.hin g which 
[ any insulated body, or system of bodies, can continue 
! to furnish without limitation cannot possibly be a 
I material svhstance. It appears to me to be extremely 
difficult, if not quite impossible, to form any distinct 
idea of anything capable of being excited and com- 
municated in the manner in which the heat was 
excited and communicated in these experiments, 
except it be motion,” He adds, “ I am very far from 
pretending to know how or by what means or 
mechanical contrivance that particular Hnd of 
motion in bodies which has been supposed to con- 
stitute heat is excited, continued, and propagated.” 

Rumford’s work was of the highest value. 
As Professor Tait remarks, it was throughout 
free from that a priori style of reasoning 
which had hitherto been so fatal to the 
progress of natural science. Had Rumford 
shown that the heat developed by the solution 

® Bumford’s Complete Works, i. 478. 
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of a powder in acid was equal to that de- j 
veloped by the solution of the same mass of the 
solid, he could have claimed the sole credit of 
having established the doctrine of the non- 
materiality of heat.^ 

Almost immediately after the publication ■ 
of Rumford’s paper. Sir Humphry Davy 
proved experimentally that two pieces of ice , 
may be melted by rubbing them together, | 
and thus he gave conclusive proof (although I 
there is evidence that he himseK at the time 
did not perceive it) that heat is not a form of j 
matter, and therefore his experiments are ■ 
historically of the first importance. In a . 
second series of experiments he so contrived ' 
that the friction between the lumps of ice , 
took place in the exhausted receiver of an i 
air-pump. He says : I 

From this experiment it is evident that ice by 
friction is converted into water, and according to the | 
supposition its capacity is diminished ; but it is a i 
well-known fact that the capacity of water for heat is ! 
much greater than that of ice ; and ice must have ■ 
an absolute quantity of heat added to it before it ' 
can be converted into water. Friction, consequently, , 
does not diminish the capacities of ix^dies for heat. 

It was not, however, till 1812 that he 
enunciated this proposition : " The immediate 
cause of the phenomenon of heat then is 
motion, and the laws of its communica- 
tion are precisely the same as the laws of 
the communication of motion ” ^ ; and, on 
reflection, it seems extraordinary that the 
publication of the w’orks of Rumford and 
Davy produced so little effect, and that their 
conclusions should have been regarded merely 
as mgenious hypotheses until the time of 
Joule. 

It would be impossible in any historical 
summary, however brief, to omit the name of 
Dr. Julius Mayer (1842), as he was the first 
to employ the phrase, the mechanical equivalent 
of heat, and thus enunciate in a distinct form 
the law of the Conservation of Energy.^ 

It is doubtful, however, if IVIayer has deserved all 
the credit which was in consequence at one time 
assigned to hint. The data on which his conclusions 
were based were not sufficient, while certain of his 
assumptions were undoubtedly erroneous. Mayer 
denied on more than one occasion that heat depends 
on motion, and yet he has been called by some 
“ the discoverer of the modem theory of heat.” 
Nevertheless, he. as it happens, rendered a service 
to the cause of science by distinctly, althongh 
perhaps over boldly, enunciating a theorem of the 
highest importance. In this case no evil conse- 
quences resulted from the premature publication, 
for the work of Joule and of Colding (already partially 
accomplished) afforded satisfactory and complete 
experimental evidence of the truth of the proposition 
advanced by Mayer.* 

^ Itecent Advances in Phusical Science, p. 42. 

® Elements of Chemiml Philosophy, 1812, pp. 94-95. 

* Ann. Ch. Pharm. xlii. 233. 

* See PhU. May., 1864, ii. 151. 


^ (2) Joule's Work. — The position at the 
time of the advent of Joule may be sum- 
marised as follows : 

Although not generally apprehended, the 
principle of the Conservation of Energy had, 
in its main features, been enunciated by 
Xewton, Rumford and Davy had demon- 
strated that heat is not matter ; but their 
conclusion was not generally’ accepted. The 
school of Calorists still existed, and although 
the general principle of Conservation of 
Energy had been enunciated by ^Mayer, his 
data were so scanty, and often erroneous, 
that his conclusions carried but little convic- 
tion to men of science. Wliat the situation 
demanded was rigorous experimental proof 
that apparent disapi)earance of energy, when 
work was done against friction, was invariably 
accompanied by the generation of a propor- 
tional amount of heat, and that this quantity 
of heat was independent of the manner in 
which the work was done, or the nature of 
the materials employed. Hence the singular 
importance of Joule's experiments. 

The actual numerical values obtained by 
him are, we now know, somewhat inaccurate, 
but, at the same time, marvellously near the 
truth when we consider the conditions under 
which he worked, and more especially the un- 
satisfactory state of thermometry in his time. 

It is not so much the accuracy as the variety 
of the evidence supplied by Joule which claims 
our admiration. He did not content himself 
with the examination of some single case of 
transformation of energy. He investigated 
the heat caused by the friction between 
solids, and also that developed in overcoming 
fluid resistance, not only in the csase of one 
fluid but of different fluids. 

Again, the manner of doing work was varied 
from the descent of weights to that performed 
by an electric current in overcoming resistance. 

(3) Experimental Methods Criticism. 
— ^Tables I. and II. give the results of the 
chief determinations from 1842 to 1920 of the 
Mechanical Equivalent, i.e. the number of units 
of watts required to raise 1 gramme of water 
1" C. 

The values are all given in Idlogramme- 
metres and therefore no exact comparison is 
possible unless the value of ^ is known at each 
place where the observations were conducted, 

Tf the English ones are multiplied by 
981*24 X 10® and the French by 980*94 x 10®, 
the result will give the value in ergs with 
a sufficiently close approximation for the 
purposes of a rough comparison, for it must 
be remembered that the temperature scales 
differ considerably, as also the mean tempera- 
ture of the range investigated.^ 

® Since the heat required to raise 1 gramme of 
water I'" C. depends somewhat on the temperature of 
the water, this must be apvecified before any exact 
comparison can be made (see § (7)>. 
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Table I 

Direct Methods * 


c 

Date. 

Observer. 

Method. 

Result. 

1843 

Joule 

Friction of water in tubes 

Kilogramme-metres. 

424-6 



Electromagnetic currents 

460 



Decrease of heat produced by a pile when the 




current does work 

442-2 

1S45 

,, 

Compression of air 

443-8 



Expansion of air 

437-8 


,, 

Friction of water in a calorimeter 

488-3 

1S47 


ft >j 

428-9 

1850 


„ 

423-9 



Friction of mercurv in a calorimeter 

424-7 


,, 

Friction of iron plates in a calorimeter 

425-2 

1857 

Favre 

Decrease of heat produced by a pile doing work 

424-464 


Him 

Friction of metals 

371-6 

1858 

5» 


400-450 


j Favre i 

Friction of metals in mercury calorimeter 

413-2 


Him 

Boring of metals 

425 

18G0-6I 


Water in Iriction balance 

. 432 

„ 

• 

Fscape of liquids under high pressure 

432, 433 


1 ” 

Hammering lead 

425 

„ 

i »» 

Friction of water in two cylinders 

432 

„ 

I ,, 

Expansion of air 

440 


1 

1 Steam engines 

420-432 

1865 

i Edlund 

1 Expansion and contraction of metals 

428-3, 443-6 

I 1870 

Violle 

Heating of a disc between the pol^ of a magnet 

435 

1 1875 

' Puluj 

1 Friction of metals 

425-2, 426-6 

1 1878 

[ Joule 

1 Friction of water 

423-9 

i 1878 

' Rowland 

j Friction of water between 5° and 36* 

429-8, 425-8 

1 IS91 

D^Arsonval 

j Heating of a cylinder in a magnetic field 

421-427 

1 1892 

‘ Mieulescu 

Friction of water 

426-84 

1 1897 

1 

, Reynolds and i 
Moorby j 

1 Friction of water, mean capacity 0* to 100* 

426-27 


Table II 

Ihdieect Methods 


Date. 

Observer. j 

1 . j 

1842 

1 

1 Maver 

1857 

1 Quintas Icilius 

„ 

! Weber 

,, 

i Favre ^ 

„ 

Silberman f i 

„ 

Bosscha 1 

1859 

Joule j 

,, 

BcKscha j 


Lenz- Weber 

1807 

Joule 

1878 

Weber 

1888 

Perot 

1889 

Dieterici 

1893 1 

Griffiths 

1894 1 

Schuster and \ 

I 

Gannon / 

1899 i 

Callendar and'! | 


Barnes ) j 


Method. 


Besult. 


By the relation of J — Cy for gases 

Heat developed in a wire of known resistance 
Heat due to electric currents 

Heat developed by zinc on sulphate of copper 

Measure of E.M.F. of a Daniell’s cell 
Heat developed in a Daniell’s cell 
E.M-F. of a Daniell’s cell 
Heat developed in wire of known resistance 


By the relation L=r(r,— ri)(dp/dO 
Heat of electric currents 


Electric current, E. and C. being known 


Kilogramme-raetres. 

365 

399-7 

432-1 

432-1 

432-1 

419-5 

419-5 

396-4, 478-2 

429-5 

428-15 

424-63 

432-5 

427-45 


427-19 

426-62 


* Theory of JSeat^ with the exception of experiments completed since 1893. 

Those ’'^ho may wish for further information concerning the work of other observers mentioned in 
Tables L and II. should consult the summary given by Professor Ames in the JRapvorts vrisentds au Congrls 
hUernational de Physique, Paris, 1900, tome I. 
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Tke mean of the values given in Table I. 
==429-1. 

The mean of the values given in Table H. 
=423-15. 

Mean of aU = 427- 16. | 

The extreme values are 368 and 488 kilo- | 
gramme-metres. j 

It is evident that no certain conclusion can , 
be dravTi from values differing to so great i 
an extent. The only safe procedure is that ! 
of selection. In making such a selection we ! 
should be guided by the answer to the following 
questions ; 

(а) Are the temperature determinations 

sufficiently accurate ? The answer will lead 
to wholesale rejection, especially in the earlier , 
exx>eriments. ' 

The difficulty and importance of temperature 
measurements were not sufficiently appreciated 
until within very recent times, and, unfortun- 
ately, an error in thermometry is, as a rule, 
a fatal one ; for each thermometer has its 
own peculiarities and special causes of error ; 
thus, no later increase in knowledge enables ‘ 
us to correct results unless the actual thermo- 
meters have been preserved and the condi- 
tions under which they were usedfully recorded. 

Fortunately in two of the most important 
cases (viz. Joule’s and Howland’s) the thermo- 
meters actually used have been preserved. 

In the former, however, our information is 
not complete, for we are not sufficiently 
acquaint^ with the exact conditions under 
which their readings were observed by Joule. 
In the latter, a restandardisation has been 
accomplished under Rowland’s own direction, 
and thus the corrections can here be applied 
with far greater certainty. In both cases, as 
will be shown later, the results as originally 
published have, in consequence, undergone 
modifications which from our modem stand- j 
point are considerable. 

(б) Has the author given us sufficient data 
to enable us to judge the probable accuracy 
of all the various measurements involved by 
his method of experiment ? 

In this respect, also, the earlier determina- 
tions are at a disadvantage as compared with 
the later ones, for the importance of full 
information concerning the details of physical 
measurement has only been generally recog- 
nised in recent times. 

(c) Are we certain that the energy of the 
bodies under observation has undergone no 
modification during the experiment in con- 
sequence of molecular changes ? 

If we could accurately determine both the 
kinetic energy expended in hammering a nail 
and also the heat developed, it is not certain 
that the resultiner value of the constant would 
be correct ; for the condition as regards 
density, strain, etc., of the nail (and possibly 
of the hammer-head) might have imdergone 
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alteration and, in consequence of new molecular 
conditions, have gained, or lost, in energy. 

Now, we know that no permanent shearing 
strain can exist in a fluid, and if the external 
pressure is unaltered, the density -will have 
undergone no change except that due to 
change of temperature. Hence, conclusions 
drawn from observation of work expended in 
heating a liquid are, caeter is paribus, of leading 
importance. 

It is not necessary to enter into further 
details of the considerations which have led 
to the selection of the experiments which are 
about to be discussed. Suffice it to say that 
a careful study of the writings of most of those 
authors who are mentioned in these tables 
has led to the selection from Table I. of the 
work of Joule, Rowland, and Reynolds and 
Moorhy, and from Table II. the determinations 
of Griffiths, Schuster and Gannon, and 
Callendar and Barnes. 

The results obtained by Rowland, after the 
revision of his thermometry, should be con- 
sidered as of leading importance in the 
estimation of the numerical value of the 
constant ; while the indirect methods of 
Griffiths, and above all of CaUendar and 
Eames, enable us to trace the changes in the 
capacity for heat of water, and thus render 
it possible to make a comparison of the values 
obtained by the different observers. 

If their results are expressed in gravitational 
units a comparison thereof is rendered difficult 
in the absence of knowledge as to the local 
value of g. Throughout the remainder of 
this article (with the exception of the final 
conclusions) the values will be given in the 
C.G.S. system, and the mechanical work done 
expressed in ergs or its multiple the Joule 
(I Joule =10^ ergs). 

A further advantage of this method of 
measurement is that we can express in the 
same units the work done by an electrical 
current or by mechanical means. If our 
electrical units are correct, then when the 
ends of a conductor whose resistance is 1 ohm 
are maintained at a potential difference of 1 
volt, the work done per second by the current 
must be 10^ ergs. Hence, if J be the constant 
giving the relation between the work done 
(in Joules) and the heat developed (f.e. the 
mechanical equivalent), then J = 10'/H, when 
H is the number of thermal grammes G.° 
developed per second. 

By whatever method the work is done, the 
Mechanical Equivalent expressed in this scale 
is the number of Joules required to raise I 
gramme of water through 1° C. Hence this 
number will also represent the capacity for 
heat of water at a given temperature, and the 
phrases “the Mechanical i^uivalent ” and 
“ the capacity for heat of water ” are 
transferable. 

2l 
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Wliatever method of determination is 
adopted, the experimenter has two distinct 
sets of measurements to perform : 

(1) The accurate determination in ei^s of 
the change in the mechanical system ; 

(2) The measurement of the quantity of 
heat generated by the complete conversion 
of that number of ergs into the form of 
heat 

It is in the second of these measurements 
that the chief difficulties have presented them- 
selves. 

The measurement of the quantity of heat 
by the rise in temperature of a known mass 
of water is the method which has been almost 
universally adopted from the time that 
calorimetiy became a branch of science. The 
choice is an unfortunate one, for not only 
is the accurate measurement of temperature 
amongst the most difficult of all measurements, 
but also the material selected, viz. water, is 
apparently capricious in its behaviour. 

Another method is by observation of the 
quantity of heat required to change the 
physical condition of a body, as, for example, 
a given ma^ of ice. The latter is one which 
possesses the great advantage that it is 
independent of temperature measurements. 
Unfortunately, however, the density of ice 
cannot he regarded as invariable, and the 
magnitude of the unit thus obtained is in 
some respects inconvenient.^ 

Whatever method is adopted, it should he 
borne in mind that the true primary unit is 
the heat equivalent of one erg. 

In order that the weight of the evidence 
in favour of the final conclusion may be 
rightly ^timated, it is advisable to study in 
some detail the works of the selected observers 
above referred to- 

§ (4) Dieect Experqients. (L) Joule.^ 
— ^The mechanical method finally adopted by 
Joule in 187S consisted in stirring water by 
means of a paddle which was rapidly turned 
by hand -wheels, shown at d and e {Fig. 1) ; 
the vessel was suspended by a vertical 
shaft 6, which also carried a large fly-wheel 
/. The mass of the water and the water- 
equivalent of the calorimeter were care- 
fully determined, the rise in temperature was 
not^ on a mercury -in -glass thermometer, 
and the work consumed in heating the water 
was measured by a dynamometer, which 
consisted of an arrangement for balanemg 
the moment acting on the suspended calori- 
meter (owing to the revolution of the paddle) 
by a moment produced by the tension of the 
cords fastened tangentially to the calorimeter. 
The cords passed over pulleys and supported 
weights k. If this moment is constat and 
is called M, and if the number of revolutions 

^ See Appendix IT. 

* Scientific Papers^ i. 632-657. 


per second of the paddle is N, the work done 
per second is 27riVIN. 

In order to reduce the metallic friction as 
far as possible, the base of the calorimeter 
rested on a hydraulic supporter, which con- 
sisted of two concentric vessels v and w, 
the space between them being filled with water. 
The three uprights attached to w pressed 
against the base of the calorimeter and 
reduced the pressure on the bearing at o 
nearly to zero. 

Joule’s calorimeter had a water equivalent 
of 313*7 grammes of water at 15*5° C. ; the 
mass of water used in an experiment was 
about 5124 grammes, each experiment lasted 



41 minutes, and the observed rise in tempera- 
ture was about 2*8° C. The mean of his 
results gave 772*65 foot-pounds at Manchester, 
as the quantity of work required to raise the 
temperature of one pound of water 1 degree 
F. on his mercury-in -glass scale at 61*69° F. 
Changing to the centigrade scale and to the 
C.G.S. system, Joule’s result may be stated 
as follows : the quantity of work required 
to raise the temperature of 1 gramme of 
water 1 degree centigrade on his mercury -in- 
glass thermometer at 16*5° is 4*167 x 10’ ergs. 

In 1895 Professor Schuster ^ compared 
J oule’s thermometer with a Tonnelot thermo- 
meter which had been standardised in terms 
of the nitrogen thermometer of the Bureau 
Intematioual at Sevres ; and in this way 
was able to recalculate Joule’s value for the 
mechanical equivalent. Howland also, when 
reviewing this experiment of Joule’s, called 
attention to certain errors in the determination 
* PhU. Mag., 1895, xxxix. 477-506. 
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of the water-equivalent of the calorimeter, 
whose value had, in consequence, been under- 
estimated by nearly 1 part in 1000. The 
corrected result is given by Schuster as follows : 
the capacity for heat of 1 gramme of water at 
16-5® C. Paris nitrogen scale is 4-173 x 10^ ergs. 

This value differs by 1 part in 400 from determina- 
tions made by Rowland and others. In fact the 
thirty-five observations from which Joule calculated 
his final value give results which differ by more than 
1 per cent from each other, and his thermometer did 
not permit the most accurate reading of temperature. 

The cause of these discrepancies is to be found in 
three conditions of the experiment : irregularity of 
the stirring, w^hich was done by hand, incomplete , 
correction for loss of heat by radiation, a-nd insufGi- d-LJ 
dent knowledge of the variations in the readings of 
mercury-tn-glass thermometers caused by variations 
in the conditions under which they are used and 
standardised, 

(ii.) Rowland .^ — In the years 1878 and 1879 
Professor Rowland of the Johns Hopkins 
University, Baltimore, x>erformed a series of 
experiments for the determination of the 
capacity for beat of water at different tempera- 
tures. His method was in principle the same as 
that of Joule, although devised independently. 

By means of a petroleum engine, a sp>ecially 
designed paddle-wheel was turned at a rapid 
rate (200 to 250 revolutions per minute) 
in a calorimeter which was suspended by a 
wire and which was prevented from turning, 
when the paddle was revolving, 
by means of a moment appli^ 
by weights. The water-equi- 
valent of the calorimeter was 
347 grammes, and the rise in 
temperature was about 0-6 per 
minute, and was observed on 
different mercury -in -glass ther- 
mometers. These thermo- 
meters had all been compared 
with a constant volume air- 
thermometer, and the readings 
were all finally reduced to the 
“ absolute scale ’’ ; the results 
of Thomson and Joule’s ex- 
periments on the expansion of 
air through a porous plug 
being used to make the neces- 
sary corrections to the air- 
thermometer temperatures. 

While the temperature was 
rising through any range, e.g. 
from 8° to 30° C., readings 
were made on all the instru- 
ments for each degree or half 
degree, and in this way any 
one experiment gave a great number of de- 
terminations of the capacity for heat. The 
work was calculated for 10° intervals, and 
one-tenth of that required to raise the tem- 
perature of one gramme of water from 
^ Ptoc. Americcm Academy ^ No. 1880-81. 


(f-5)° to (f-f 5)° was called the specific heat 
at C. All corrections for losses due to 
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Fig. 3. 

Figs. 2 and 3. — ab is a vertical shaft supporting calorimeter and 
suspended by a torsion wire. 

A iris of paddle passed through base of calorimeter and was connected 
with shaft e/, which was kept in uniform rotation by the driving engine. 

o and p, weights attached to silk tapes pacing round wheel the 
couple acting on calorimeter being thus measured (corrections being applied 
for ^e torrion of the suspending wire). Tbe moment of inertia could 
be varied by means of the wei^ts ? and r. A water-jacket vti sur- 
rounded the calorimeter and was used for the estimation of the radiation. 


radiation, variations in speed of paddle, etc., 
were carefully considered and made. 

Rowland’s method of using his mercury thermo- 
meters was different from that which has been 
universally adopted within the past few years owing 
to the efforts erf Professor Pemet of Zurich, and of 
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\rVT, Chappuis and Guillaume of the Bureau Inter- 
national, and the scale of his air-thermometer in 
terms of other thermometers used by later observ'era 
was not known. In 1897, therefore, a series of com- 
parisons was undertaken at the J ohns Hopkins 
University between Rowland’s thermometers, three 
Tonnelot mercury thermometers standardised at the 
Bureau International, and a Callendar-Griffiths 
platinum thermometer. The result has been a 
recalculation of Rowland’s figures. In the follow- 
ing table the valu^ for the specific heat are ^ven 
as Rowland first published them, and as recalculated 
by Day,^ and by Waidner and Mallory. - 

Professor Pemet has also endeavoured to recalcu- 
late Rowland’s values from a careful study of Baudin 
thermometers of the same glass and construction as 
those of Rowland- His figures are almcet exactly 
1 part in 400 less than those determined by Day 
and by Waidner and Mallory, and in such a case as 
t his one must have the greater confidence in the 
direct comparisons. 

Table IH 


1 i i BowlanU's 

I I £ OTigioa,! 1 

1 E- S ! Vul-jes. 

Absolute 
; ? 1 Scale. 

Eecalcalated [ Same | 

i fay Oaj, Pajis 1 reduced to 1 
1 Hyd ri»gen , Paris X itrogen j 
Scale. Scale. 

1 ; 1 

fiecalculated i 
by Waidner i 
and ilallory, 
Paris Xitrogen 
Scale. 

j 1 

|*C. Ergii. 

i 5 4-212 10’ 

1 


1 10 4-200 

4-196xl0’| 4-194x10’ 4-195x10’ 

i 15 4-189 

, 4-188 i 4-186 

; 4-187 

! 20 4-179 

, 4-181 : 4-180 

I 4-181 

i 25 4 173 

4-176 1 4-176 

i 4-176 

!30 4-171 

35 4 173 

4-174 4-174 

1 4-175 

4-175 4-175 

1 4-177 


Rowland took pains to vary all the con- 
ditions of his erperimente as much as possible, 
ronning his engines at different speeds, using 
different thermometers, carrying his observa- 
tions over different ranges and making in all 
thirty series of observations. Therefore great 
weight miist be given to his determinations. 
The only criticisms that can be made are 
that the range of 10 degrees is too large if 
the capacity for heat at the mean temperature 
is desired, and that the radiation correction 
is uncertain at and above 30°. As Rowland 
himself says : “ The error due to radiation is 
nearly neutralised, at least between 0° and 
30°, by using the jacket at different tempera- 
tures. There may be an error of a small 
amount at that point (30°) in the direction 
of makiag the mechanical equivalent too 
great, and the specific heat may keep on 
decreasing to even 40°. ” 

Professor Ames’s criticism on this work 
is as follows : 

Rowland estimates his possible error at less than 
2 pans in 1000; and, now that his thermometric 
readings have been recalculated, the possible error is 
probably reduced to less than 1 part in lOOO, unless 
there was a constant or systematic error, which is 
most improbable. Rowland’s method of maln'rig 

^ PMl 1898, xlvi. 1-29. 

“ Physical Review, 1899, viii. 193-236. 


thermometric readings is one which is liable to serious 
error, and it is possible that in the recalculations 
made by Day, and by Waidner and IMallory, the 
thermometers were not used in identically the same 
manner as they were originally. There is no obvious 
reason, however, for believing, as Pemet does, that 
there is a systematic error m Rowland’s research. 

I (iii.) Reynolds and Moorby .^ — The experi- 
I ments of Reynolds and Moorby are also 
j examples of physical work of the highest 
order. In 1897 they published an account 
; of their determinations of the mean specific 
I heat of water between 0° and 100° C. The 
apparatus used was of such a nature that 
i it is not possible to convey, in a brief descrip- 
i tion, any clear idea of the machinery and its 
I connections ; therefore attention win only 
! be called to the manner in which the work 
j was controlled and estimated. The general 
j idea is that of a hydraulic brake attached 



Fig. 4. — This figure shovre the Hydraulic Brake lagged 
with cotton- wool covered by flannel, the brake 
projecting from it towards the left. 


to the shaft of a triple expansion 100 horse- 
power engine making 300 revolutions per 
minute. 

The water enters the brake at, or near, 0° C. 
and runs through it at such a rate that it 
issues at, or near, 100° C., the work expended 
on the water being estimated by means of a 
dynamometer consisting of a lever and weights 
fastened to the brake. The whole of the 
work done being absorbed by the agitation 
of the water in the brake, the moment of 
resistance of the brake at any speed is a 
definite function of the quantity of water in 
it- Except for this moment the unloaded 
; brake is balanced on the shaft, the load being 
I suspended on the brake lever at a distance 
! of 4 feet from the axis of the shaft. If the 
! moment of resistance of the brake exceeds 
I the moment of this load the lever rises, and 
I vice versa. By making this lever actuate 
i the valve which regulates the dischaige 
j from the brake, the quantity of water is 

1 * Phil. Tram. Roy. Soe. A, 1897. 
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continually regulated to that which is just 
required to support the load with the lever 
horizontal, and thus a constant moment of 
resistance is maintained whatever the speed 
of the engines. 

In order to eliminate as many errors as 
possible, three ‘‘heavy trials” were made in 
succession, followed by three “ light trials,” 
each trial lasting 60 minutes, and the difference 
in the two cases, “ heavy ” and “ light,” of 
the “ mean work per trial ” and the difference 
of the ‘‘ mean heat per trial ” were taken as 
equivalent. 

In a “ heavy trial,” the dynamometer was 
adjusted to a moment of 1200 foot-pounds, 
and the quantity of water run through in the 
60 minutes was about 960 pounds ; in a 
“ light trial ” the moment was generally 
600 foot-pounds, and the quantity of water 
run through in the 60 minutes was about 
475 pounds, although six trials were made 
with the moment at 400 foot-pounds. As it 
was only necessary to determine tempera- 
tures in the neighbourhood of 0“ and 100^ C., 
the results are almost independent of the 
nature of the temperature scale, as all tempera- 
ture scales must be in agreement at the two 
standardising points, while the temperature 
range was so great that an error in actual 
elevation at either end of it would have but 
a small effect. Again, the large scale on which 
the experiments were conducted would tend 
to diminish the effect of inaccuracies in the 
measurements of the thermal loss by radia- 
tion, etc. The most minute attention was 
paid to all possible causes of inaccuracy, and 
there is no apparent constant source of error 
in the final results. 

When their value is expressed in ergs, it 
becomes 4T833 x 10'^ ; that is, the mean 
capacity for heat of unit mass of water between 
0° and 100° C. is 4T833 x lOh 


j — a piece of information of great value when we 
j remember that no use can be made of the Bunsen’s 
calorimeter methods in the absence of such knowledge. 

j § (5) IxDiEECfT Methods. — We now pass to 
j the consideration of indirect methods, many of 
I which w'ere first employed by Joule. At various 
times he estimated the heat developed by 
i electromagnetic currents, the decrease of heat 
in a voltaic cell when the current dr>e 3 work, 
compression and expansion of air, etc. 

Attention has already been called to the 
great variety -of experiments performed by 
I Joule, and it would be difficult to over- 
^ estimate the importance of this variety as 
j evidence that all forms of energy can be 
j expressed as heat. For the purpose of our 
present inquiry, however, viz. the exact 
determination of the equivalent, his indirerfb 
determinations are of little use. 

(i.) Griffiths,^ 188S to 1893.— The chief 
I objects of this investigation were (1) an 
j examination of the validity of our system of 
electrical units, and (2) a study of the* changes 
in the specific heat of water, as the oiily 
mformation possessed at the time was that 
' drawn from the experiments of Regnault and 
! Rowland- The former indicated a steady 
I increase from 0° C. upward, while Rowland 
found a decrease over the range 5° to 30° C. 

Professor Ames wrote as follows : “ E. H. 
Griffiths of Cambridge, England, devised a 
method for the determination of the specific 
heat of water by the use of the heating effect 
I of an electric current, which is, to a large 
extent, free from the errors connected with 
the previous methods in which electric currents 
were used {Fig. 6). 

“ If a coil of wire carrying a current is 
immersed in water any one of the three 
! following methods may be used to determine 
i the energy spent in raising the temperature 
1 of the water : 


Unfortunately the -work of Reynolds and Moorby j 
do^ not afford us much assistance in our efforts to | 
determine the actual value of the heat equivalent. | 
Assuming the validity of their conclusions, we know ' 
how many ergs (or primary units) are required to | 
raise the temperature of 1 gramme of water from 0° 
to 100° ; but we are unable to comj^re their results 
with the values obtained by Joule and Rowland, 
unless we know the relation of the mean thermal unit 
over the range 0° to 100° to the thermal unit at the 
temperatures covered by the experiments of those 
observers. It is quite certain that the number of 
p rima ry units required to raise 1 gramme of water 
through 1° at different temperatures is not the same ; 
hence it is impossible in the present state of our know- 
ledge to ascertain if Reynolds and Moorby’s results 
are coincident with those obtained by other in- 
vestigators. 

On the other hand, if we assume the validity of the 
result obtained by Reynolds and Moorby, and 
compare it with the numbers given by Rowland, we 
can find the value of the mean thermal unit in terms 
of a thermal unit at some definite temperature; * 


(1) Measure - E, C, and t. 

(2) Measure C, R, and t 

(3) Measure E, R, and t. 

“ Griffiths used the third method, although 
for many reasons it is the most difficult. The 
obvious difficulty lies in the measurement of 
R ; because, unless measured actually during 
the progress of the heating exjyeriment, it 
is necessary to know the temperature of the 
wire and the temperature coefficient of its 
resistance ; and its tem];)erature is not that of 
the surrounding water. Griffiths thought to 
obviate this difficulty by making a series of 
subsidiary experiments which were designed 
to give the difference in temperature between 
the water and the wire when the former was 
at a known temperature and an E.M.F. of 

^ PkU. Trans. Soc. A, 1893 ; Proe. Roy. Soe., 
1894, Iv. : PhU. Mag., 1895, xl. 

* E=eIectromotive force; C = current; R=re- 
sistance ; f==rise of temperature. 
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knot'll strength was applied to the latter. 
The resistance of the wire was then measured 
at a known temperature and its temperature 
coefficient was also measured ; therefore, 
when in the course of a heating experiment 
the temperature of the water was read, the 
resistance of the wire could be calculated. 
Griffiths found also that most rapid and 
thorough stirring of the water was necessary 


in order to secure consistent or satisfactory 
results. He designed a most efficient stirrer 
which made about 2000 revolutions per 
im'nute, the rise in temperature produced by 
the stirrer alone being in some cases equivalent 
to 10 per cent of the whole work spent in 
ra ising the temperature. The necessary cor- 
rection, owing to this, was ascertained by a 
series of preliminary experiments. 

“ Griffiths’ apparatus {Fig. 6) consisted of a 
platinum wire (diameter 0-004 in. (0-010 cm.), 
length 13 in. (33 cm.), resistance about 9 ohms) 
coiled inside a cylindrical calorimeter, 8 cm. 
in height and 8 cm. diameter, whose water- 
equivalent was 85. This wire was heated by 
means of a current from storage cells. The 
terminals of the wire were maintained at a 
constant difference of potential by balancing 
against sets of Gark cells ; and, while the 
temperature of the water contained in the 
calorimeter was raised from 14° to 25° C., 
the time varying from forty to eighty minutes, 


observations of the temperature and time 
w'ere made every degree. The E.M.P. used 
varied from that of three to six Clark cells. 
Experiments were made using different 
quantities of water ; and by taking differences 
in the energy and the heat produced in the 
different sets, many errors were eliminated, 
and the water-equivalent of the calorimeter 
disappeared from the equation. In the end, 
therefore, the method depended on the in- 
troduction of 120 grams of water into the 
calorimeter, this being the difference between 
the quantities used in two trials. 

“ Griffiths measured his 
E.M.F. in terms of the Caven- 
dish standard Gark cell ; his 
resistance in terms of the ‘B.A. 
ohm of 1892,’ which is the 
‘ International Ohm ’ as de- 
fined in 1893 ; his time by a 
‘ rated ’ chronometer ; and his 
temperature by a Hicks 
mercury thermometer which 
had been compared with a 
Callendar - Griffiths platinum 
thermometer and also with 
a Tonnelot thermometer 
standardised at the Bureau 
International In accordance 
with the work of Glazehrook 
and Skinner he assumed the 
E.M.E. of the Clark cell at 
15° C. to be 1-4344 volts, and 
its temperature coefficient to 
be 14-0-00077 (15°-«)- 
“ Later, Schuster called 
attention to an error of one 
part in four thousand due to 
the capacity for heat of the 
displaced air,^ hut this was 
neutralised by the fact that 
there was a slight probable error discovered 
in the estimation of the E.M.F. of the Gark 
cells used bv Griffiths,^ reducing the value to 
1-4342 volts at 15° C. 

“ Hence Griffiths’ final values are : 

15° C. nitrogen scale, 4-198 x 10^ ergs. 

20° „ „ 4-192 xlO^ „ 

25° „ „ 4-187x10’ „ 

“ In criticism of the method, it may be said 
that using as small quantities of water as 
Griffiths did, always practically under the 
same external conditions, there is more 
opportunity than should be for systematic 
errors and for errors due to radiation cor- 
rections. In this connection reference must 
be made to criticisms by Schuster ® and to the 
reply by Griffiths.” ^ 

It will be seen from this summaiy by 

Phil. Trans. Roy. Soc. A, 1895, clxxxvi. 

* Phil. Mag., 1895, xl. 

* Phil. Trans. A, 1895, clxxxvi. 

* PhU. Mag., 1895, pp. 431-454. 





Fig. 5. — ^Section of Constant Temperature Chamber in which the 
Calorimeter was suspended by Glass Tubes. 

ABC is a large steel vessel with double walls, the annular space 
(printed black in figure) being filled with mercury which is connected 
with a gas regulator by the tube D. The steel vessel stood in a 
large tank filled with water, which was rapidly stirred by the paddle 
Q. A small stream of water flowed continuously into the tank, 
the excess passing away at W. The tem^rature of the incoming 
water was controlled by the regulator which was governed by the 
mass of mercury (exceeding 70 lbs.) within the walls ABC. A 
very constant temperature could thus be maintained within the 
steel ve^l. The space between the calorimeter and the steel 
walls was thoroughly dried and the pressure reduced to less than 
1 mm. 
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Professor Ames that the resnlts of Griffiths’ 
work lead to the conclusion that (assuming 
the value of J obtained from Rowland’s 
revised experiments) there is at all events no 
error exceeding 1 in 1000 in the value of our 
electrical units ; but that there is an indication 
of a possible error of some such magnitude 
in the electro-chemical equivalent of silver, 
or in the E.M-F. of the Oark cell, an indica- 
tion which (as we shall see later) is strengthened 
by the work of Schuster and Gannon, Kahle, 
Patterson and Guthe. 

A comparison of the curves resulting from Row- 
land’s work and Griffiths' proved that they could 
not both be correct m their thermometry, and this 
of couree excited suspicion as to any conclusions 
regarding the value of the electrical units. The 
revision of Rowland’s thermometry was partly due 
to this discrepancy, and the double restandardisa- 
tions by different methods were, as we have seen 
(Table TTT. supra), in agreement with each other, 
while the resulting corrections caused Rowland’s 
curve of the change in capacity for heat to be almost 
parallel with Griffiths’ over the range of ids experi- 
ments. This parallelism did not mean that the value 
of J, obtained by the assumption of the validity of 
the electrical units, was coincident with Rowland’s, 
but that their remaming differences were probably 
due to the nature of the calorimetric determinations, 
or to some hitherto undiscovered error in the system 
of electrical measurements. 

(ii.) Schuster and Gannon,^ 1895. — These 
observers also measured the heat developed 
by an electric current when overcoming 
resistance : but in this case the work was 
estimated by observation of E and C, the latter 
by the nse of a silver voltameter (see Fig, 7). 

The rise in temperature was determined by 
a Baudin mercury thermometer, which was 
compared directly with a Tonnelot thermo- 
meter standardised at the Bureau Inter- 
nationaL The calorimeter had a water- 
equivalent of 27 and the mass of water used 
was about 1514 grammes. The heated wire 
was of platiuoid, 760 cm. long and of about 
31 ohms resistance. The E.MF. was pro- 
duced by storage cells, and was constantly 
balanced against twenty Clark cells. The 
resulting current was iu the neighbourhood 
of 0*9 ampere, and passed iu series through 
a sdver voltameter consisting of a silver plate 
and a platinum bowl 9 cm. in diameter and 
4 cm. deep, whose weight was approximately 
64 grammes. An experiment lasted ten 
minutes, during which about 0*56 gramme of 
silver was deposited, and the temperature of 
the water was raised about 2*2° C. All experi- 
ments were performed in the neighbourhood of 
19-6®. The final result is the mean of six ex- 
periments which agree closely with each other. 

Tie result of their investigation gives — 

Capacity for heat of water at 19*1® C. on 
nitrogen scale =4- 1905 x 10^ ergs. 

^ FhU. Trans. Moff. Soe. A, 1895, clxxxvi. 


These experiments were conducted with the 
skill and accuracy which we necessarily associate 
with the name of Professor Schuster : “ Never- 
theless” (to quote Prof^sor Ames again), 
“ there are seve- 
ral criticisms 
which may 
be offered 
to this re- 
search. There 
was only one 
voltameter used 
throughout, and 
none of the con- 
ditions were 
varied. The 
radiation correc- 
tions were moat 
carefully con- 
sidered, but no 
details are given 
of the stirring or 
of any correc- 
tion for it. 

Griffiths in his 
investigation in- 
sists strongly on 
the need of 
thorough, not 
to say violent, 
stirring. 

“ These facts 
make the final 
result uncertain 
to an extent 
which it is diffi- 
cult to estimate, 
but which prob- 
ably is not 
j large. If,^ as 
seems probable 
hnom the work 
of Kahle and 
Patterson and 
Guthe, the elec- 
tro-equivalent of 
silver is O'OOl 119 
instead of 
0*001118, Schus- 
ter and Gannon’s 
value for the 



Fig. 6. — ^Section of Calcaimeter 
showing the stirring arrange- 
ments at D by which the 
water was drawn through the 
bottom of the cylinder AB, 
and thrown against the roof 
of the calorimeter. 

The platinnm coil is not shown 
in this section, as it was wound 
in a horizontal circle placed near 
the base of the vessel, the rack on 
which it was wound being sup- 
R-neoi'fie heat at PO^ed by the rod inditated by 
, the dotted hues to the right of 

19*1 becomes the thermometer bulb. At the 
4*189 X 10'^ • and top of the stirrer shaft is shown 
., ’ f the counter which recorded the 

II a consequent number of revolutions, 
error of one part 

in a thousand is made in the assumed value 
of the E.M.F. of their Clark cell, the corrected 
result is 4*185 x 10^.” 

Certain other possible causes of slight maccuracies 
pressit themsdves. The form of stirrer adopted 

* This is not borne out by the later determinations 
j of the electro- chemical -equivalent. The value 
I 0*001118 is now adopted. 
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was a plunging one and tte calorimeter was not air- 
tight It is probable that the correction for the 
latent heat of evaporation during a rise of tempera- 
ture exceeding 2^ C. might be appreciable. The 
authors refer to this matter as follows : “ Evapora- 
tion will produce a certain amount of cooling of the 
calorimeter, if that is not perfectly enclc^ed ; but 
unless the rate of evaporation changes with the 
temperature, the effect will only be a lowering of 
temperature by a constant quantity. The rate of 
cooling can only be affected by evaporation in so far 
as it increases with the temperatnre, and since for 
small change it would vary as a linear fnnction of the 


through a fine tube is heated by a steady 
electric current through a central conductor 
of platinum. The steady difference of tempera- 
ture between the inflowing and outflowing 
water is observed by means of a differential 
pair of platinum thermometers at either end. 
The bulbs of these thermometers are sur- 
rounded by thick copper tubes which, hy 
their conductivity, serve at once to equalise 
the temperature, and to prevent the generation 
of heat by the current in the immediate neigh- 
bourhood of the bulbs of the thermometers. 



temperature, any error due to evaporation is elimin- 
ated by the cooling correction.” 

The International Committee on Electrical Umts 
and Standards, in their report January 1912,^ state 
that they are unanimous in the conclusion “ that 
voltameters in which filter paper is used as a septum 
lead to results which are too large.” 

Messrs. Schuster and Gannon state that the silver 
plate was “protected by filter paper.” ^ 

It is also neees^ry to remember that Schuster 
and Gannon did not trace the value of the secondary 



^ Inflow 


Glass vacuum jacket 

Em. 8. 


Outflow ^ 


unit over any appreciable range of temperature, all 
their observations being ccmfined to a rise of about 
2-2^ C. in the neighbourhood of 19° C. 

(iii.) Callertdar and Barnes .^ — ^The following 
description is extmcted from a report by 
Professor Callendar to the British Association 
in 1899: 


I The leads CC serve for the introduction of 
I the current, and the leads PP, which are 
carefully insulated, for the measurement of 
the difference of potential on the central 
I conductor. The flow-tube is constructed of 
glass, and is sealed at either end, at some 
distance beyond the bulbs of the thermometers, 
into a glass vacuum jacket, the function of 
which is to diminish as much as possible 
the external loss of heat. The whole is 
enclosed in an external 
copper jacket (not 
shown in the figure), 
containing water in 
rapid circulation at a 
constant temperature 
maintained by means of a very delicate 
electric regulator. 

“Neglecting small corrections, the general 
equation of the method may be stated in the 
following form : 

Ea=JMd^-f-H. 


“ The general principle of the method, and 
the construction of the apparatus, will be 
readily understood by reference to the diagram 
of the steady -flow electric Calorimeter given 
in Fig. S. A steady current of water flowing 

^ hiterrmtional Com. on Electrical Units^ Washing- 
ton Government Printing Office. 

* Phil Trans. Roy. Soc. A, 1895, p. 422. 

^Proc. Roy. Soc., 1900 ; PhU. Trans. Boy. Soc. A, 
cxcix. 


“ The difference of potential E on the central 
conductor is measur^ in terms of the Clark 
cell by means of a very accurately calibrated 
potentiometer, which serves also to measure 
the current C by the observation of the 
difference of potential on a standard resistance 
Er included in the circuit. 

“The Clark cells chiefly employed in this work 
were of the hermetically sealed type described 
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by the authora in the Proa. Roy. Soc., October i 
1897. They were kept iminers^ in a regulated | 
water-bath at 15° C-, and have maintained : 
their relative differences constant to one or \ 
two parts in 100,000 for the last two years. i 
“ The standard resistance R consists of four 
bare platinum silver wires in parallel wound 
on mica frames and immersed in oil at a 
constant temperature. The coils were an- ! 
nealed at a red heat after winding on the * 



Fig. 9. — Diagram of the Electrical Connections. ! 

I 

mica, and are not appreciably heated by the ! 
passage of the currents employed in the work, i 
“ The time of flow t of the mass of water M : 
was generally about fifteen to twenty minutes, | 
and was recorded automatically on an electric | 
chronograph reading to *01 second, on which | 
the seconds were marked by a standard clock. | 


difference was probably in all cases accurate 
to *001° C. This order of accuracy could 
not possibly have been attained with mercury 
thermometers under the conditions of the 
experiment. 

“ The external loss of heat H was very 
small and regular, owing to the perfection 
and constancy of the vacuum attainable in the 
sealed glass jacket. It was determined and 
eliminated by adjusting the electric current 
so as to secure the same rise of temperature 
dB for widely different values of the water- 
flow. 

“ The great advantage of the steady-flow 
method as compared with the more common 
method in which a constant mass of water 
at a uniform temperature is heated in a 
calorimeter, the temperature of which is 
changing oontmuously, is that in the steady- 
flow method there is practically no change 
of temperature in any part of the apparatus 
during the experiment. There is no correc- 
tion required for the thermal capacity of the 
calorimeter ; the external heat loss is more 
regular and certain, and there is no question of 
lag of the thermometers. Another incidental 
advantage of great importance is that the 
steadiness of the conditions permits the attain- 
ment of the highest degree of accuracy in the 
instrumental readings. 

“ In work of this nature it is recognised as 
being of the utmost importance to be able 



Fig. 

“ The letter J stands for the number of 
joules in one calorie at a temperature which is 
the mean of the range dd through which the 
water is heated. 

“ The mass of water M was generally a 
quantity of the order of 500 grammes. After 
passing through a cooler, it was collected and 
weighed in a tared flask in such a manner as 
to obviate all possible loss by evaporation. 

“ The range of temperature dd was generally 
from 8° to 10° in the series of experiments on 
the variation of J, hut other ranges were tried 
for the purpose of testing the theory of the 
method and the application of small correc- 
tions. The thermometers were read to the 
ten-thousandth part of a d^ree, and the 


10 . 

to detect and eliminate constant errors by 
varying the conditions of the experiment 
through as wide a range as possible. In 
addition to varying the electric current, the 
water-flow, and the range of temperature it 
was possible, with comparatively little trouble, 
to alter the form and resistance of the central 
conductor, and to change the glass calorimeter 
for one with a different degree of vacuum, 
or a different bore for the flow-tube. In all 
six different calorimeters were employed, and 
the agreement of the results on reduction 
afforded a very satisfactory test of the 
accuracy of the method.” 

In 1902 ^ Dr. Barnes published a very full 
^ PhU. Tram. Boy. Soc. A, cxcix. 
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account, together ’with a discussion of the | 
results. 

His final value at 20° C. of the nitrogen 
scale is 4-478 x 10“ ergs. He assumed the 
Clark cell value as 1*43325 International volts 
at 15° C. and the true ohm as 1-01358 B.A. 
units. 

§ (6) Comparison? of Results : 


the value of obtained by Bosscha’s reduction 
of Regnault’s experiments^ was almost uni- 
versally accepted, and the changes in the 
specific heats of other bodies than water were, 
in nearly all cases, dependent thereon. 

A study of Regnault’s paper, ^ however, will 
lead to the conclusion that Regnault, with 
two exceptions, performed no experiments 


Table IT 

Capacity for Heat op Water pee 1° op the X Thermometee 


Besults. 

Temperature. 

4*173 xlO'7 

16*5° 

1’ 4-195 

10° 

1 4-187 

15 

] 4-181 

20 

U'I77 

25 

4-1833 

mean calorie 

f 4-198 

15° 

- 4-192 

20 

i 4-187 

25 

4-1905 

19*1° 

/'4193 

10° 

14-184 i 

15 

1 4-178 

20 

U'175 

25 


Name. 


Method. 


Standards. 


Joule .... 

I Rowland 

I 

I Reynolds and Moorby . 
I Griffiths .... 

I Schnster and Gannon . 

1 

! Barnes 


Mechanical 


„ . , ; rClark cen = l-4342 

Electncal ^ International ohm 


E. C t 

E. C. t 


fOark cell =1-4340 


\ 


\ EL Ch. E. of Ag=0-001118 / 

rClaxk ceU = l'4333 
\Ag =0-001 118 


The discrepancy between the values given 
in the above table is, in reality, much less than 
would appear from a casual inspection. Before 
coming to any final decision, it is neeessaiy 
to study the evidence regarding the variation 
in the capacity for heat of water, and in this 
connection to consider also such evidence as 
we possess which is independent of any 
determinatioiis based upon the transformation 
of eneigy. Again, discrepancies arising from 
the diSerent values asagned to the Clark 
cell by the observers must be taken into 
account. 

§ (7) The Tariatiok. m the Capacity 
FOB Heat of Water due to Chahce-s rsr 
Temperature. — Throughout this section Cf 
indicates the number of ergs required to raise 
1 gram m e of water through 1° of the hydrogen 
scale at a temperature of C. 

The specific heat at any temperature 
C. is the ratio C^/Cg, where 6 is some selected 
standard temperature. It is evident that the 
value of a-i thus ascertained is not affected 
by inaccuracies in the magnitude of the 
electrical units, hence the peculiar value of 
such methods for the determination of its 
change consequent on change of temperature. 
Thus, although electrical methods may be of 
secondary importance when the object is 
the determination of the numerical values 
of Ci, they are of primary importance in the 
attempt to trace changes in the value of tr^ 
consequent on changes of temperature. 

Until the publication of Rowland’s work 


I concerning the specific heat of water below 
I 107° C., and these were only made with the 
view of testing the working of the apparatus, 
and that Regnault himself attached no import- 
ance to them. After discussing his results 
over the range 107° to 190° C., he stated what 
would he the nature of the variation between 
0° and 100° if deduced by extrapolation of the 
experimental curve obtained at the higher 
range. 

Bosscha discussed Regnault’s experiments, 
made 'several small corrections, found an 
equation which in his opinion closely repre- 
sented the results over the range 107° to 190°, 
and then assumed that the expression held 
good down to 0° C. 

It has been necessary to dwell upon this matter, 
for succeedmg investigators who have endeavoured 
to find the specific heat of various bodies and also 
the ch an ges therein with change of temperature 
have, in general, reduced their results to a standard 
temperature by these extrapolated values. Hence 
the majority of their conclusions require the revision 
rendered necessary by our knowledge that the changes 
in (Tt differ both in magnitude and in direction from 
the changes at higher temperatures. Unfortunately 
such revision is rarely possible, as the required data 
are not usually given, for the observer has had such 
ccmfidentre in Regnault’s supposed values that he 
has considered them unnecessary. 

Rowland’s conclusion (1879) that, so far 
from increasing, the value of decreased 
with rise of temperature up to about 30° G. 

^ Bosscha, Poffff. Ann., Jdhrg. 1876, p. 549. 

* Regnault, M^moires de VAcad., 1847, xxi. 729. 
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has been confirmed by the work of Griffiths ' 
(range 13' to 27'-) and Cailendar and Barnes 
(1° to 99'"). 

The changes in the specific heat have been 
determined by Bartoli and Straceiati ^ and 
Ludin.^ In both eases the conclusions were 
arrived at by the method of mixtures, and ! 
are therefore independent of all energy 
measurements. Bartoli and Straceiati devoted , 
nearly nine years to their investigation ; they ' 
not only mixed water with water, but also 
with mercuiy and several metals. Their ■ 
thermometry was based on the standards 
supplied by the Bureau International, and 
their results are given in a formula containing 
the third power of t. They find a TnmiTnnm ' 
about 20°. The difficulties of this method are 
considerable, and a careful examination of ; 
their experimental numbers leads to the 
conclusion that the discrepancies betw^n ' 
individual experiments are too great to allow 
of our attaching much authority to their final 
values. 

A very fine series of determinations by the 
same method was made by Ludin in 18^. 
This investigator was able to take advantage 
of many of the recent advances in thermometric 
measurements, and his work is of a very high 
order. Pemet has written a very full criticism 
of this work, and Ludin in his reply introduces 
a few corrections. 

The following values (CoL EE.) of at in 
terms of are those given by Hr. Barnes in 
Phil. Tram. Roy. Soc. A, cxcix. 252. 


TAEI.E V 


I. 

Temperature, 

= C. 

n. 

— (Air Scale). ’ 
<n6 i 

m. j 

i— (Hydrogen Scale).! 

VIS j 

5 

1*0053 

1-0052 1 

15 

1-0003 

1-0000 ! 

25 

*9981 

•9975 * 

35 

•9974 

•9967 

45 

-9976 

•9967 j 

55 

•9985 

■9975 i 

65 

•9997 

-9986 j 

75 ! 

1-0010 

1-0000 j 

85 

1-0024 

1-0018 

95 1 

1-0037 

1-0033 I 

1 


Por the purposes of comparison with the 
results of other observers these values have 
in Col. in. been expressed in terms of 
instead of o-jg. It appears that Dr. Barnes’ tem- 
perature scale is that of the constant-pressure 
air thermometer. Over the range 0° to 100° C. 
this scale is in close agreement with that of 
the nitrogen thermometer; the numbers in 
CoL HI. are expressed in the hydrogen scale, 
the reduction having been effected by the 
tables given by M. Chappuis. 

JSeiWSfer, 1891, sv. 761. 

* Ibid., 1897. 


The foHowing table summarises the result 
of the observers above referred to, over the 
range 0° to 35° of the hydrogen scale : 

Table VI 


Values of the Specific Heat op Wateb 

REPEEEED TO THAT AT 15^ C. AS USTTY 


Te-j j/K-r-A- 
t'jie hy tte 

Hyiiri.gerj 
Thennf >- 


Bartoli 

, ftriffltn?. 
-striccuti 

PeriiCt 

Lk.jin. 

BaiUM. 

0° 

1 

.. ri-o(>&0) 


U*0051)(1.0C^) 

2 

•J 



i 

.. 


3 


1 0059 

I 

1-0035 


4 

•• 

52 

1 

31 


5 

(l-0042> 

46 


27 

1-0052 

6 

1-0036 

40 


23 

46 

7 

31 

34 


19 

38 

8 

26 

28 


16 

32 

9 

23 

23 


13 

26 

10 

19 

18 


10 

21 1 

11 

14 

13 


8 

16 1 

12 

10 

09 


6 

11 i 

13 

07 

05 

l-OOOC 

4 

07 

14 

03 

02 

03 

2 

03 

15 

1-0000 

1-0000 

1-0000 

10000 

1-0000 

! 16 

0-9996 

0-9998 

0-9997 

0-9998 ; 0-9997 

1 17 

93 

97 

94 

97 

94 

i 18 

90 

96 

91 

96 

90 

1 19 

86 

95 

88 

95 

88 

i 20 

83 

94 

85 

94 

85 

I 21 

81 

93 

82 1 

93 

83 

I 22 

79 

93 

79 

93 

80 

1 23 

76 

94 

76 , 

92 

77 

i 24 

74 

95 

73 I 

92 

75 

i 25 - 

! 72 

97 

1 70 i 

93 

74 

! 26 1 

i 71 

98 

i 0-9968 1 

93 ( 73 

' 27 1 

69 

1-0000 

1 .. ! 

94 

72 

i 28 i 

69^ 

02 

1 ■■ 1 

94 i 71 

i 29 i 

68 : 

05 


95 

70 

i 30 

67 

10 


96 

69 

j 31 

67 

1 1-0011 


97 

69 

j 32 

67 

, . 


98 

68 

1 33 

67 



99 

68 

i 34 

67 



1-0001 

67 

1 35 

0-9969 

1 



1-0003 

0-9967 


Values in brackets obtained by exiarapolation. 


I For the purposes of our final reduction of 
j the values of the mechanical equivalent to a 
I common standard, the range from 10° to 25° 

I is of special importance, and the agreement 
I between the values obtained by Rowland, 

; Griffiths, and CaUendar and Barnes may be 
; regarded as satisfactory (great^t differmice 2 
, in 10,000), especially when we remember the 
! difference in the methods of experiment, which 
I may be summarised as follows : 

I Rotdand . — ^Mechanical work done against 
I friction of water, the revised results bdng 

dependent on the thermometry of the 
‘ Bureau IntemationaL 
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Griffiths . — ^Work done hy an electric current, 
the data being E and E and the ther- 
mometers standardised by platinum 
thermometers and also by the standards 
of the Bureau. 

Callendar and Barnes , — Electrical methods, 
data being E and C, and the thermometry 
the differential platinum method. 

The methods adopted by Bartoii and Strac- 
ciati and Ludin were similar in principle, 
although differing in detail, hence it might 
be expected that their results would have been 
in closer agreement than those obtained by 
the other observers. Such, however, is not 
the case. At 10° they differ by 8 parts in 
10,000, and at higher ranges by as much as 
14 in 10,000. 

It appears unlikely that the skill and 
patience shown by these observers can be 
exceeded, and it is probable that the method 
of mixtures presents peculiar difficulties and 
uncertainties which are absent in the energy 
determinations. 

These considerations have led to the adoption 
of the following table for the reductions to 
some standard temperature ; 


Table VTI 


Values op tr^ over the Range 10° to 25° op the 
Hydrogen Thermometer in Terms of ctis 


Teroperatore. 

10 = 

15 

20 

25 


1-0020 

1-0000 

-9984 

•9972 


By means of the curve thus obtained we 
can now reduce the values given in Table IV. 
(sitpra) to a common temperature. 


Table Vm 


Capacttt foe Heat of Water at 20° C. 
OF THE Hydrogen Scale 


Jonle 

Rowland . 

Griffiths 

Schuster and Gannon . 
Callendar and Bames . 


4-170x107 

4-182x107 

4-193x107 

4-190x107 

4-185x107 


The doubt as to the exact conditions under 
which Joule used his thermometers compels 
the omission of his value. 

§ (8) On the Accubaot oe the Valties of 
THE Electrical Standards assumed by the 
Observers. — ^Professor Ames ^ in 1900 wrote as 
follows : 

“ In regard to the electrical standards, it 
must he observed that no meaning can be 
attached to the ‘ electro-chemical -eq[uivalent’ 
of silver, unless the construction and use of 
the voltameter are most carefuUy specified, 
and even then there is considerable doubt 
unless several instruments are used in series. 

^ Cm^rH International de Phusique, Paris, tome i. 


j This fact is well shown in the recent work of 
I Richards, Collins and Heimrod at Harvard 
University, and of Merrill at Johns Hopkins 
University. The former deduce from a 
comparison of their porous -jar voltameter 
with other forms of instruments that the 
electro -chemical equivalent with their instru- 
ment is 0-0011172 gram per see. per ampere ; 
while Patterson and Guthe with their instru- 
! ment find 0-0011193. If, however, the same 
I voltameter and the same method of use are 
; adopted in the experiments on the electro- 
! chemical-equivalent and in those on the 
1 E.M.E. of a Clark cell, the value of the latter 
is independent of the value assigned to the 
former. For this reason Kahle’s value of 
the E.M.F. of the standard Clark cells of the 
Reichsanstalt (1-4325 volts at 15° C.) is prob- 
ably correct. The Cavendish Laboratory 
standard ceU has been compared with the 
! German ones ; its resulting value is 1-4329 
at 15° C., and the later investigations of 
Patterson and Guthe would reduce this to 
1-4327. As Griffiths used the value 1*4342 
and as the E.M.P. enters into the equation 
to the second power, the necessary coirection 
would be almost exactly two parts in one 
thousand. 

“ For the method used hy Schuster and 
Gannon, where both the E.MF. and the 
current are measured, a correction may be 
accurately applied to the E.M.F., but not to 
the current, as it is not known what amount 
of silver one ampere should deposit in their 
voltameter ; but if we assume that the 
correction in both cases is 1 in 1000, these 
results also would be reduced by 2 parts in 
1000. The correction assigned is probably in 
the right direction. 

“ The cells used by Callendar and Bames 
have not been compared with those of the 
Reichsanstalt, and no ‘ correction ’ can be 
appHed with certainty. ^ The figures used 
above ^ are probably in excess.” 

Messrs. Ayrton, Mather, and Smith in 1905-7 
made a careful redetermination of the ampere. 

The inquiry was conducted at the National 
Physical Laboratory under the supervision of 
Sir Richard Glazebrook, 

A very perfect form of current weigher was 
constructed, and the authors wrote : “ The cur- 
rent weigher has proved to be the most 
perfect absolute electrical instrument hitherto 
constructed, and has enabled us to determine 
the ampere to a very high degree of accuracy.” ^ 
The work was conduct^ with a skill and care 

* Here the value of the current was obtained by 
measurement of R/E, where R was a standard resist- 
ance, and it is somewhat difl&cult to estimate the prob- 
able effect of the change in the equivalent of silver 
in the absence of certain knowledge concerning the 
comparative value of Callendar and Barnes ceUs, in 
terms of the Rayleigh cell. 

* I,e. a correction of 2 parts in 1000. 

‘ * Phil, Trans. Roy. Soc. A, ccvii. 468. 
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which marks the investigation as a notable 
contribution to Physical Science. 

The results afford the data for the determina- 
tion of the EALF. of the Clark cell. 

The authors' conclusion is as follows : 
“Value for Clark cell at C. = 1-4323” 
at 15° C. 

The value assumed by Griffiths was 1-4342. 
The value assumed by Barnes was l-4342d 
The value assumed by Schuster and Gannon 
was 1-4340A and the value of the electro- 
chemical-equivalent of silver = -001 11 8. 

§ (9) Fhh AL V.AXUES. — Assuming the value of 
E as 1*4323, and applying the resulting cor- 
rections to the numbers in Table VIII. supra, 
the results are as follows, the temperature 
being 20° C. : 

Table IN 

Rowland ...... 4-182 10' 

Griffiths 4-184 10’ 

Schuster and Gannon . . . 4-180 10’ 

Callendar and Bames . . . 4-181 - 10’ 

Mean . . .4-183 10’ 

Professor Ames, in his criticism given supra, 
suggests a further reduction of 1 part in 1000 
in the value obtained by Schuster and Gannon. 
If we also take into consideration the other 
uncertainties referred to supra, it appears 
probable that a correction of the order of 
1 in 2000 is applicable. 

If this is done, the final results are given in 
the following table : 

Table X 

Capacity fob Heat of Water at 20° C, 

OF THE HyDROGEH ScaLE 

Rowland 4-182 >r 10’ 

Griffiths 4-184 < 10’ 

Schuster and Gannon . . . 4-182 :< 10’ 

Callendar and Bames . . . 4-181 / 10’ 

Mean . . . 4182x10’ 

In order to obtain the most probable values 
of Cj at other temperatures, we can proceed as 
follows : 

From Table VI. supra we obtain the m^n 
values of Cf/Cjg given by Cols. I., HI., V., over 
the range 0° to 35°. 

From 35° to 100° we must be guided by the 
observations of Callendar and Bames. We 
can thus deduce the value of CijCs over the 
whole range. Assuming the value of at 
some given temperature, we can then obtain 
the valu^ of Cj at other temperatures. 

A convenient standard temperature for 
ordinary conditions is 17°*5 C., and the value 
of Ci7.5= 4-185 X 10’. 

^ Bames in later tables gives the value of the 
mechanical equivalent resulting from the assump- 
tion that E- 1*43325. 

* PJiU. Trans. Bjoy. Soc. A, 1895, p. 420. 


The value obtained* by Reynolds and 
Moorby for “ the mean thermal unit ” w’as 
4-1833 {supra). A study of their tables 
shows that the actual range was — on the 
average — from about U-3 to 100° C. An 
inspection of Table XI. shows that the rate 
of variation of cr^ is very rapid near 0° C. and 
a probable value of a-j/o-j-.s is about 1*008. 


Table XI 

Temperature 

Col. 1. 

Col. II. 

on H. Scale. 


Ci. 

0° 

a-ooss) 

(4-220) / 10 ’ 

5 

54 

■207 

10 

27 

-196 ; 

15 

7 

-188 

20 

•9992 

•182 

25 

78 

•177 

30 

75 

-175 1 

35 

74 

-174 1 

40 

73 

•174 1 

45 

74 

-174 1 

50 

77 

•175 ! 

; 55 

SI 

1 -177 

. 60 

87 

1 -179 

! 65 

93 

j -182 

TO 

1-0000 

1 -185 

75 

7 

-188 

; so 


1 -191 

i 85 1 

1 23 

•194 

i 90 i 

31 

! -198 

1 95 1 

40 

■202 

j 100 1 

3 i 

(l*00ol) 

(4*206} 

1 1 

i Mean j 

1-00033 1 

4*186 


This approximate correction will only raise 
Reynolds and Moorby’s value to 4*184. This 
differs from the mean of the numbers in 
Col. n. by 1 part in 2000. The correspondence 
is remarkable, and greatly increases the prob- 
ability of the accumey of the conclusions at 
which we have arrived.^ 

These conclusions may be summarised as 
follows : 

Assuming the Standabd Thermal Uisht as 
the energy required to raise 1 gramme of water 
from 17° to 18° C. on the Paris Hydrogen 
Scale, or one-fifth the amount required to 
raise it from 15° to 20° C. on the same 
scale, then the Standard Thermal Uinr 
-4-185 X 10’ Ergs. 

The following resulting values may be found 
useful : 

* This close coirespondenee between the value 
' of C17.5 and the ■'* m^n thermal unit ” is in many 
I ■ways a convenience. Fot example, we are enabled 
to express the value of thermal measurements 
obtained by Bunsen’s c-alorimeter in terms of the 
standard unit, and that with sufficient accuracy, 
for Profe^r Xicholls has shown that the variations 
in the density of ice sometimes amount to 2 parts 
in 1000. 
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Assuming ^=981 : ^ 

1 kilogram- degree C. =426-6 kilogrammetres. 
1 pound-degree C. = 453-6 = 1399-8 ft. -lbs. 

1 pound-degree F. = 252-0 = 777-6 ft. -lbs. 

Assuming g'=981-2, its value at Greenwieb, 
these values become 426*4, 1399-5, 777-5. 

In latitude 45°, assuming ^=980-62, they 
become 426-7, 1400-3, 777-9. 

APPE:jroiX I 

The following are the values of the constants which 
have been employed in the final comparison of the 
values of 0^7.5 found by the selected observers. 

True ohm = 1-01358 B.A- units. 

Electro-equivalent of silver =1-1 182 per coulomb, 
Weston cadmium cell, G xR=l-01830 at 17® C. 
Weston cell temperature coef., 

-3-45X 10-'{f-17)-0-066 X 10-5(i-17)». 
Clark ceH. C x R=l-4323 at 15® C. 
dark ceH temperature coef. between 0® and 30° C., 

Ef=Ei5- l-200(i- 15®)- -0062(«- 15®)* 

APPENDIX n 

THE THERMAL UNIT 

Professor Rowlands’ views on this matter are 
expressed in the following letter : ^ 

JOHSS HoPKEsa UyiTEKSiTT, December 15, lO®. 

As to the standard for h^t measurement, it is to 
be ccmsidered from both a theoretical as well as a 
practical standpoint. 

The ideal theoretical unit would be that quantity 
of heat necessary to melt one gramme of ice. This 
is independent of any system of thermometry, and 
presents to our minds the idea of quantity of heat 
independent of temperature. 

Thus the system of thermometry would have no 
connection whatever with the heat unit, and the first 
law of thermodynamics would stand, as it should, 
entirely independent of the second. 

The idea of a quantity of heat at a high temperature 
being very different from the same quantity at a low 
temperature, would then be easy and simple. like- 
wise we could treat thermodynamics without any 
reference to temperature until we came to the second 
law, which would then introduce temperature and 
the way of measuring it. 

From a practical standpoint, however, the unit 
depending on the specific heat of water is at present 
certaiuly the most convenient. It has been the one 
mostly used, and its value is well known in terms of 
energy. Furthermore, the establishment of institu- 
tions where it ia said thermometers can be compared 
with a standard, renders the unit very available 
in practice. In other words, this unit is a better 
practical one at present. I am very sorry this is so, 
because it is a very poor theoretical one indeed. 

But as we can write our test-books as we please, 
I suppose that it is best to accept the most practical 
unit. This I conceive to be the beat required to 
raise a gramme of water 1® C., on the hydrogen 
thermometer at 20° C. 

I take 20® because in ordinary thermometry the 
room is usually about this temperature, and no 

* B.A. Jteport, Liverpool, 1896. 


reduction will be necessary. However, 15° would 
not be inconvenient, or 10® to 20®. 

As I write these words I have a feeling that I may 
be wrong. Why should we continue to teach in 
our text-books that heat has anything to do with 
temperature ? It is decidedly WTong, and if I ever 
write a text- book I shall probably use the ice unit. 
But if I ever write a scientific paper of an experimental 
nature, I shall probably use the other unit. 

E. H. G. 

Heat, Transfer of, between Calorimeter 
AND Jacket, in ^Method of Mixtures : 
this may take place by conduction, con- 
vection, radiation, and evaporation, and is 
eliminated from the final result by the cool- 
ing correction. See “ Calorimetry, Method 
of Mixtures,” § (6) (L). 

Heat, Units of. See Thermodynamics,” 
§ (2) ; <-Heat, Mechanical • Equivalent of,” 
§§(8), (9). 

Heat-account fob a Real Process. See 

“ Thermodynamics,” § (44). 

Heat-drop. See “ Thermodynamics,” § (38). 
Heat-engine : 

A machine which absorbs a certain quantity 
of heat at a high temperature and dis- 
charges a smaller quantity of heat at a 
lower tem;^rature, the difference between 
these two quantities being converted into 
work. See “ Thermodjmamics,” § (1). 
Working Substance in. See ibid. § (7). 
Heat -flow in Cylinder Walls. See 
“ Engines, Thermodynamics of Internal 
Combustion,” § (62). 

Heat Transmission to Fluids flowing in 
Hot ]Metal Pipes. Soenneken’s Experi- 
ments. See “ Friction,” § (39). 

Effect of Surface Friction. See ibid. § (40). 
Heat Transmission between Solids and 
Fluids flowing over them. Theory 
of Osborne Reynolds. See “ Friction,” 
§ (39). 

N.P.L. Experiments. See ibid. § (40). 
Heating of Charge entering Cylinder 
OP Internal Combustion Engine. See 
“ Engines, Thermodynamics of Internal 
Combustion,” §§ (63)-(65). 

Heavy Oil Engines. See “Engines, Internal 
Combustion,” § (13) et seq. 

Hele-Shaw Pump. See “ HydrauHcs,” § (64). 
Helium, Specific Heats of, tabulated values 
obtained by Scheel and Heuse. See 
“ Calorimetry, Electrical Methods of,” § (15), 
Table IX. 

Helmholtz’s Free Energy ’of Thermo- 
DYNAMio System. See “ Thermodyuamies,” 
§ (51). 

Henning, detailed investigation over the 
range 0° to -200° C. of temperature of 
the comparison between the readings of the 
hydrogen gas thermometer and the platinum 
resistance thermometer. See “Resistance 
Thermometers,” § (17). 
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Hexnls'g, Measubeme^iT op Latext Heat op | 
Water. See Latent Heat,” | (3). 

High-speed Steam Exgixes. See “ Steam 
Engine, Reciprocating,” § (7). 

High Temperatitee Meltdsg-points, Ex- 
trapolation of the Seale of the Platimim 
Thermometer for the Determination of. 
See “ Resistance Thermometers,” § (18). 

High Vacuitm Techxiqee. See “ Air-pumps,” 

§ (47). 

Higher Pairs. For defimtion see ‘‘ Kine- 
matics of Machinery,” § (2). 

Hodgsox Kent Steam ]V1etee. See “ Meters,” 


Hydraulic >Ieax Depth. The depth which 
the volume of water contained in a pipe 
would have, if contained in a rectangular 
channel with a flat bottom of the same area 
as the wetted walls of the pipe. See 
“ Hydraulics,” § (2,5). 

Hydraulic Ram. See ‘‘ Hydraulics,” § (43). 

Hydrauuc Teaxsmissiox : Compagxe 

Hytdbaultc Gear. See Hydraulics,” § (64). 

Hydraulically - braked ^Iachtxes. See 

‘‘ Hydraulics,” § (60). 

Hydraulically - deivex Machixes. See 

“ Hydraulics,” § (57) ei seq. 


Vol. HL 

Hoists, Hydraulic. See “ Hydraulics,” 

§ (58). 

Holborx axd Day, 1899, comparison of gas- 
thermometers with secondary standards of 
temperature iu range 5(X)° to 1600°. See 
“ Temperature, Realisation of Absolute 
Scale of,” § (39) (x). 

Holborx axd Kurleaum, modification of 
disappearing filament type of optical 
pyrometer by addition of objective and 
eyepiece. See “ p3Tometry, Optical,” § (3). 

Holborx axd Talextixee, 1906, comparison 
of gas-thermometer with secondary stan- 
dards of temperature in range 500° to 1600°. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (39) (xiii). 

Holborx axd Wiex, 1892, comparison of 
gas-thermometers with secondary standards 
of temperature in the range 500° to 1600°. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (39) (ix.). 

Homogexeous Head of Steam. See “ Steam 
Turbine, Physics of,” § (1). 

Hooke’s Law : a fundamental a^umption of 
the theory of elasticity, which asserts that the 
relation between stress and strain is one of 
direct proportionality ; this was discovered, 
by Hooke, in 1678, to be representative of 
actual materials, and expressed thus : Ui 
tensio sic vis. See “ Elasticity, Theory of,” 

§ (4). 

Horezoxtal Gas - exgixe. Typical. See 
“ Engines, Internal Combustion,” § (5). 

Hobxblower’s Exgixe. See “ Steam Engine, 
Reciprocating,” § (12). 

Horxsbt-Akeoyd Oil-exgixe. See “ Engines, 


hydraulics 

1. Natural Sources op Power ix Water 

§ (1) Water Power. — During recent years 
there has taken place throughout the world 
a great development in the utilisation of the 
natural resources of water, and the reasons 
are not far to seek. On the one hand, there 
has been a growing consciousness that a 
plentiful .supply of this element is the basis 
of all sanitary science, and on the other, 
the necessity of substituting, as a source of 
power, coal and oil fuels because of their 
increasing costliness by the utilisation of water. 
These two factors have combined to give a 
special and increasing importance to the 
question of water supply. 

The problem from the point of view of the 
domestic supply is, of course, not a new one, 
having engaged the attention o£ every civilised 
nation, ancient or modem, but until the 
nineteenth century it was solved along the 
line of least resistance and the employment 
of high pre^ures was evaded. The needs of 
the modem city, added to the demands for an 
adequate supply of water power, have accord- 
I bigly given a new direction and impetus to 
I the ^udy and practice of Hydraulies. 
i § (2) Source of Water Supply, (i) Pre- 
I cipitation or Rainfall. — Precipitation, embrac- 
I ing as it does the fall of rain, dew, snow, and 
j hail, is the main source of aU water supply, 

I and is usually studied under the general term 
1 of rainfall The supply is derived almost 
j entirely by evaporation from the surfaces of 
the various oceans and seas which cover the 


Internal Combustion,” § (14). 

Hull Efficiexcy axd Wake Fractiox. See 
“ Ship Resistance and Propulsion,” § (47). 

Humphrey Gas-pump. See “Hydraulics,” 
§ (42). 

Hyatt Dyxamometee. See ‘ Dynamo- 
meters,” § (5) (ii.). 

Hyde’s Expebimexts ox the Effect of 
Pressure ox the Viscosity of Liquids. 
See “ Friction,” § (7). 

Hydraulic Geadiext. See “Hydraulics,” 
§ (26). 


greater portion of the earth’s surface, and 
depends upon the radiation from the sun and 
the capacity of the atmosphere to contain the 
moisture evaporated. 

As might he expected, there exist great 
irregularities in the evaporation, and therefore 
in the rainfall of large areas. The continuous 
cuireut of heated air which ascends in the 
region of the tropics and flows towards the 
poles carries with it a full complement of 
moisture and distributes it when temperature 
and other physical conditions determine. 
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The precipitation of the moisture in a district 
varies greatlv Tvlth its situation, the configura- 
tion of the surrounding country, its altitude, 
and the direction of the prevailing winds. 
Where the latter are charged with moisture 
through crossing large tracts of open w'ater the 
rainfall on the first liigh ground encountered 
will naturally be heavy. 

On the other hand, the rainfall of a district 
is small if the prevailing winds traverse a 
large tract of land and thus become depleted 
of theii* moisture. An example is obtained 
if a straight line be di*awn from the east 
coast of the United States at latitude 35° to 
a point on the west coast at latitude 45°, 
the variations of rainfall with longitude being 
as follows : 


Longitude. 

Bainfall. 

Longitude. 

BainfaU. j 

75= 

60 in- 

107= 

14 in- 1 

79 

45 „ 

115 

15 „ j 

87 1 

40 „ 

119 

15 „ 1 

65 

30 „ 

123 

50 „ 1 

: 103 j 

17 „ 

125 

, 100 „ ! 


The observed rainfall of the Forth valley 


elevation of nearly 2000 feet the precipitation was only 
about 20 inches, the wind, deprived of the great bulk 
of its moisture burden, being then comparatively dry. 

(ii.) Annual Tariatioyis of BamfalL — In 
addition to the very unequal distribution of 
rainfall from point to point and area to area, 
great irregularities occur from year to year 
over the same area. 

If over a long series of years a selection is 
made of the wettest year on record it may be 
expected to have a rainfall of 51 per cent 
I above the average, while the driest year will 
I be 40 per cent below. There is thus a range 
j between the two equal to 91 per cent of the 
mean annual rainfall. When the average 
rainfall of the two consecutive wettest years 
is taken it will be about 35 per cent above the 
mean, and that of the two driest 31 per cent 
below that amount, with a range, therefore, 
of 66 per cent of the mean rainfall If the 
period be increased to three consecutive years 
the average for the wettest years will be 1*27 
and for the three driest years 0*75 of the mean. 

Fig. 1, which is taken from the paper read 
by Sir Alexander R. Binuie before the 
I Institution of Civil Engineers in 1892, on 
“Average Annual Rainfall,” shows how the 


above Queensferry affords an excellent iHustra- [ deviation from the mean annual rainfall 
tion of the effect" of altitude on precipitation, i of the average rainfall over a number of eon- 
There the values vary from 28 inches at J secutive years diminishes as the included 

consecutive period increases, 
until after about thirty-five 
years it approximates to the 
total mean value. 

From this figure it may be 
observed that it is possible to 
have a series, say, of five con- 
secutive years in which the 
rainfall amounts to only 84 per 
cent of the mean fall of the 
district, a circumstance which 
possesses special significance 
when calculating the possi- 
bilities of the supply of water 
to be obtained 

(iiL) Seasonal Variations of 
Rainfall. — In the temperate 
climate of the British Isles, 



Fig. 1. 


where the year cannot be 


Queensferry (sea-level) to a maximum of 
110 inches at a height of 2300 feet above 
sea-level at the western end of Loch Katrine 
some 50 miles distant. 

These numbers do not represent the extreme 
precipitation values, which range from practically 
noting over the deserts of Africa to as much as 
600 inches in the Himalayas. 

A striking case of unequal distribution of rainfall 
is supplied bj* the rainfall of Western India. At 
Bombay at sea-level the rainfall is about 76 inches ; 
at a station situated on the Western Ghats about 60 
miles distant 546 inches was actually measured. 
Farther west hut still on the Deccan plateau at an 


divided sharply into dry and 
wet seasons, the monthly rainfall forms the best 
means of comparison between one period of the 
year and another. Fig. 2 has been prepared from 
the Greenwich records of the years from 1861 to 1891, 
and shows that February, I^Iarch, and April are low 
months of less than 2 in. fall; that January, May, 
and June are normal mouths; that the final six 
months are high months; and that the maximum 
variation above and below does not exceed 25 per 
cent of the average monthly value. 

The rainfall on the Western Ghats, already men- 
tioned as an instance of irregular distribution over 
neighbouring areas, is also an excellent example of 
seasonal variations. The bulk of the rain here falls 
generally in three periods: the first burst, lasting 
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perhaps fourteen days, occurs early in June ; then ? 
the big monsoon from about the mid^e of July to the i 
middle of August, and the final burst during September i 
and October. During eighty days 546 in. has beai 1 
measured at one of the gauges on these hills about ' 

! 



Fig. 2. 


3000 feet above the sea, the greatest weekly fall 
being 110 in. Only a few scattered showers, j 
amounting on the average to about 3 in., faU 
during the dry season, which consists of the remaining 
mont^ of the year. 

§ (3) Rain' Gauges.^ — The average rainfall 
on a catchment area is estimated by rain 
gauges. 

It is obviously impossible to construct a 
rain gauge which, shall in all cases catch aU the 
rain that falls. It is however possible, by 
a due regard to the selection of a site, to the 
method of fixing, and to the proper main- 
tenance of and r^olar attendance on the ordi- 
nary standard gauge, to ensure that valuable 
information is available concerning the rain- 
fall on a given catchment area. As many 
ganges as possible must be used, and these 
situated in places representative of the 
different elevations and conditions to he 
met with in the district under investigation. 
In order that the cycle of variation may 
he complete it is suggested that gauging should 
extend over thirty-five years or thereby. 

§ (4) Catchment Asea. — ^In estimating the 
possibilities of a water supply from a certain 
district it is necessary not only to ascertain 
the rainfall but also to arrive at the extent 
of what is known as the catchment area or 
gathering ground available for the supply. 
This comprises all the country the drainage 
of which converges to the point selected as 
the distributing centre of the supply. The 
area is usually expressed in acres or in square 
miles of 640 acres. Its extent may be 
measured from a topographical map, if such 
is available, showing the watershed and 
divide, along which drainage for adjacent 
areas separate. Otherwise a close approxima- 

1 See ” Keteorological Insfeuments,” VoL HL 
VOL. I 


tion may be found on an ordinary map by 
marloug the area boundary as pEissmg midway 
between the apparent heads of tributaries 
of neighbouring watercourses draining into 
different stream systems. 

§ (5) Volume of Rainfall. — The volume 
of water failing as rain on that area will then be 
given by the product of the catchment area 
into the annual rainfall Since one acre 
contains 43,560 square feet, a rainfall of 1 in. 
on 1 acre represents a volume of 3630 cubic 
feet or 22,622 gallons. 

§ (6) Run-off. — While rainfall is the source 
of all water supply its volume is not the direct 
measure of the quantity available for a required 
supply. When rain falls upon the ground a 
portion sinks into the soil : the remainder 
runs off the surface into the catchment basin 
or remains for a time on the surface. The 
quantity which passes into the ground depends 
upon the conformation of the surface, and the 
pr»rosity, depth, and degree of saturation of 
the material comprising it. Part of the 
ground water continues to sink and finally 
finds its way to the nearest stream valley, 
but part is retained by the roots of vegetation, 
being converted into cellular fibre or exhaled 
as vapour from vegetation or from the surface 
into the atmosphere. If all the water which 
is consumed by vegetation or which is 
vaporised from the surface is included in the 
term evaporation, then the volume of water 
available for a required supply will be the 
volume of the rainfall on the catchment area, 
i less the volume of evaporation over the same 
area. When this quantity is expressed as the 
volume Tthich passes a given point continuously 
it is termed the flow. 

§ (7) Evapoeation. — An approximation to 
the flow may be deduced from the difference 
between the rainfall and the evai)oration if 
these are known. The latter may he computed 
on the basis of monthly ratios to rainfall, which 
vaiy according to the requirements of vegeta- 
tion, the capacity and condition of ground 
storage, and the temperature. The monthly 
rate of evajwration is reprinted by the 
expression 

e = a -r hr, 

where a and h have values which change with 
the month, from about -25 and OT in January 
j to 3*0 and 0*3 in July for a and b respectively, 

I while e is the monthly evaporation and r the 
i corresponding rainfalL 

I A temperature correction may be applied so that 
! the values obtained as above for a drainage area 
j with a given mean annual temperature T t^n be used 
I to determine those for other latitudes of temp, f'*- 
! The values determined for the monthly evaporation 
! e a<rc multiplied by a temperature factor expressed 
j by ( -05 1 - c), where t is the mean annual temperature, 
I a.nrf c is a constant which reduces the expression to 
I unity when t equals the mean annual temperature T. 

2k 
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S (S’! Geotjnb Stoeage.— T he undulations dow the sum of the estimated evaporation 
° ^ ^ - .. ,1 and the measured run-off. Where the final 


of the surface of the drainage area exercise 


an important influence upon the distribution ordinates fall below AB a flow from the ground 
of the flow. Evidently the storm run - ofi ' storage takes place, and where the balance 


wiH be greater from a hilly country than 
from flat tablelands, and the rainfall remaining 
available for ground storage wiU be corre- 
spondingly smaller. Then the degree of 
absorption and run-off largely depend upon 
the geology of the drainage area, since the 
percolosity" of the ground determines its 
storage capacity. Where a rock ledge is at the 
surface or crops out in banks the depth of the 
overlying drift is readily ascertainable, other- 
wise its extent and character is found 
by making borings, if practicable, to /[ 
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the rock. Conaderahle attention has also been 
paid of late years to the influence of flora 
and culture on rainfall and flow. Forests and 


is in favour of the rainfall the groimd storage 
benefits. The lower poition of the diagram 
represents the variation in the ground storage, 
saturation being complete during only four 
months. 

§ (9) GattgcsG of Stream Flow. — ^While it 
is possible, as has been shown, to deduce the 
total run-off or stream flow from a drainage 
area from the difference of rain- 
fall and the computed evapora- 
/ tion over that area, the exact 

\ j determination of the supply 

\ I available from day to day and 

/i \ ! month to month can only he 

t \ \ ‘ obtained by a system of stream 

^ \\ j gs-Eging. The method adopted 
i M // depend upon the volume 

^ W/ of water which has to be 

v|/ ^ measured. 

» \ u A® (i.) Notch M easurements. — 
A 1 Mb When the stream is small, 

measurement by notch or weir 
I ! can be used. The weir is generally 

! Y ! constructed of planks and the 

y7 ” 3 notch is formed in an iron plate 

7 I/y screwed to it, and may be either 
the right-angled triangular type 
(for small quantities) or rect- 
angular. The weir and face of 
the notch must he vertical and 
perpendicular to the direction 

_J__J of the stream, with a clear 

Oct, Noa. Dec. discharge into the air. If the 
notch is rectangular the sill must 
be horizontal and of a length 
not less than three times the head above the 
notch measured to still water. Fig. 4 shows 
the arrangement of a standard shaip-edged 


vegetation do not probably affect the total j 
rainfall, but they certainly cause it to fall 
more uniformly. By protecting the ground 
from the direct heat of the sun evaporation 
is retarded, the air immediately overhead is 
kept cooler, thus increasing its power to con- 
dense the moisture in heated and saturated 
air at a higher level and so steadying the 
rainfall. Wooded country compares favour- 
ably with cultivated land, as the many obstruc- 
tions to the storm run-off in timbered areas 
result in a larger proportion finding its way 
into the groimd storage. Then the require- 
ment of moisture for tree growth is consider- 
ably less than that of crops, very little surplus 
being available in the latter case for run-off 
during the growing season. The effect of the 
ground storage in equalising the flow is shown 
by the diagrams of Fig. 3. The measured 
monthly rainfall in inches is set up from the 
base AB, and from the resulting curve is set 


weir. 

For accurate work measurements of the 



Fig. 4. 


head taken in a flowing stream are inadmissible. 
To minimise the effect of oscillations of the 
surface and to avoid the disturbance produced 
by an immersed object in the stream a well 
should be made at a sufficient distance behind 
the weir in the bank of the stream and 
connected to it by a -pipe opening out 
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flush with the approach channel and at 
right angles to the direction of flow. The 
required head is the height 
of the surface of the water 
in this well above the 
level of the sill or the 
bottom of the vee. 

This height may be con- 
veniently measured by 
means of an anchored float 
carrying a scale and rising 
and falling in contact with 
a fised index whose level 
is known, or canyiug an 
index which moves over 
a fixed scale. A more 
exact method Ls that of 
the hook gauge shown in 
Fig . 5. I 

A hook is attached to | 
the lower end of a divided i 
scale, and its position may ! 
be adjusted by means of screw till the point j 
of the hook is just visible at the surface of 1 
the water. Tf the index to 
the scale has been fixed to 
show zero when the water is 
level with the sill, then the 
head may be read directly 
on the scale by the aid of a 
vernier. 

(iL) Rectangular Notch. — For 
heads above 6 in., where the 
bottom and end contractions are 
free and where the length of cr«d: 
is greater than three times the head, values in close 
agreement with experiment are given by the Francis 
formula, 

Q =.'^•33 ^6 - cub. ft, per sea, 

where Q is the discharge in cubic feet per seccmd, 
H is the head in feet, b the breadth of the notch, 
and 71 is the number of end contractions, the bottom 
being supposed to be free in every case. 

(iii.) Triangular N(Ach. — ^Let H be the head of 
water above the 
vertex P erf the notch 
{Fig. 6), then assum- 
ing the velocity of 
flow at any depth x to 
be giv 0 i by 
it can readily be 
shown that the dis- 
charge Q=4*28 C tan {d/2)H'l, where 0 is the angle 
included between the erf the notch. 

A right-angled notch was found by Professor 
Jas- Thomson to have a coefficient C of the mean 
value of -503 with a variation for a range of heads 
from 2 to 7 in. of less than 1 per cent, and is 
the form usually adopted for measmdng smaD 
quantities. The formula for the discharge over a 
right-angled vee notch therefore becomes 

Q=2*536Hi cub. ft per sec. 


§ (10) Velocity of Flow. — For larger 
streams or rivers the weir is too cumbrous 
and costly to be used as a temporary measuring 
contrivance. It is then necessary to obtain 
the mean velocity of flow which, multiplied 
by the cross-sectional area of the stream, gives 
the discharge Q. Experiment shows that the 
motion at any point in an open channel is 
never steady and uniform, and that its velocity, 
if near the surface, may vary by 20 per cent, 
and if near the bed, by 50 per cent in a short 
interval of time. This constitutes the diffi- 
culty of obtaining the mean velocity with a 
reasonable degree of accuracy, and the mean of 
many observations is required. Two methods 
may be used : floats and current meters. 

§ (11) Floats. — These are classified into 
surface, sub-surface, twin, and velocity rod 
types, and are illustrated in Fig. 7. 

(L) Surface floats {a) are made of any light 
material painted to be easily seen, but not 
projecting more than an inch above the 
surface in order to minimise the effect of the 
wind. The wind effect, together with the 
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tendency of the floats to follow any cross- 
current or surface eddy, render the results 
obtained very unreliable. 

(ii) Sub-surface floats (b) consist of a small 
surface float from which a lower float is 
suspeuded, the length of connection being 
adjusted so that the latter may remain at any 
required depth. In theory the velocity of 
the lower strata should be indicated, but in 
practice this is not regdised, the relative 
position of the lower float varying with the 
direction and velocity of the wind and with the 
length of connection between the two floats. 

(iii.) Twin floats (c) usually consist of two 
sphere coupled together by means of wire, 
the lower one weighted so as to float vertically 
beneath the surface one and as near the 
bottom as practicable. With this adjustment 
the velocity of the float will be approximately 
the mean velocity of the vertical column of 
water in which the Instrument floats. 

(iv.) Velocity rods (d) are light wooden rods 
or tin tubes made in adjustable lengths and 
weighted at one end with lead strips or wire 
to float upright, the lower end being as near the 
bottom as practicable. The velocity of the 
rod is approximately the same as the mean 
over its depth and probably gives the more 
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reliatle measurement of the mean velocity 
of the stream on the vertical in which it 
floats. 

To carry out the operation of ganging 
by means of floats it is necessary to select a 
straight stretch of channel of about 200 feet 
in length, as nearly uniform as possible in 
section and containing no obstructions. Two 
cross - sections are ranged out by wires 
stretched ^om bank to bank, if the width 
will allow, and 1 00 feet apart ; these should be 
perpendicular to the direction of flow. A third 
line is usually stretched midway between these 
two. If the observations are to refer to 
different depths and different distances from 
the centre of the stream the wires should l)e 
divided up into corresponding sections of, 
say, 10 feet intervals hy attaching tags of 
different colours. The floats are placed in 
the water about 50 feet above the upstream 
gauging section, the locus of their passage 
through the gauging area being noted by 
line markers and the times of entry and exit 
recorded- Where the width of channel does 
not permit of this being done the positions of 
the floats may be fixed by the use of a theodo- 
lite measuring angles from a base line marked 
out on the bank- 

§ (12) CxTEREin? ^ylETERS. — Current meters 
may consist of an arrangement whereby the 



velocity is determined either from the revolu- 
tions of a revolving part rotated by the 
current or hy a modification of the Pitot tube. 

Typical examples 
of the former 
are : 

(i.) Amsler cur- 
rent meter, where 
the revolving 
part carries heli- 
coidal vanes 
mounted on a 
horizontal axis 
{Fig. 8), and 
(ii.) Pn'ce cur- 
rent meter, where 
9 ^ a series of conical 

cups is mounted 
on arms revolving round a vertical axis [Fig. 9). 
In either case the meter is fitted with a guide 
vane to keep its axis perpendicular to the 
direction of the current. The number of 


revolutions is usually indicated by a make- 
and-break contact in an electrical circuit. 

(iii.) The Pitot tube ^ method is well adapted 
for use with the higher velocities common 
in pipe flow to which its use is more confined, 
and is discussed in the section dealing with 
that flow. 

§ (13) Calibration of Meters is usually 
effected by suspending the meter from a 
travelling carriage, which tows it with a 
uniform velocity through still water at a 
depth of about 2 feet. The time over the 
measured length, and the number of revolu- 
tions of the meter, are recorded by means of a 
chronograph and form a rating table. When 
in use the meter should be suspended in a 
similar manner to that adopted during its 
calibration, as the speed of revolution has 
I been shown to vary with the degree of freedom 
! permitted. 

[ The meter may be used by holding it 
successively at certain points in a cross-section, 
or, alternatively, by keeping it in motion 
during the whole period of its immersion 
and moving it uniformly from the surface to 
the bottom of the channel in a series of vertical 
or diagonal Hnes. The latter method is not 
nearly so accurate as the former. Observa- 
tions taken at points six-tenths or mid-depth 
in a series of equidistant verticals, the mean 
! velocity in each of these verticals being 
found by applying a factor, are capable of 
giving reliable results. 

Simultaneously with the velocity observa- 
tions, soundings should be taken from which 
the cross - section of the stream can be 
ascertained- 

From the data thus obtained is constructed 
a rating table showing the relation^at a given 
point between the height of water, referred to 
some permanent bench mark, and the discharge 
of the river. 

§ (14) Average Water Supply available. 
— Gaugings are not as a rule available over the 
period of thirty-sis years which has been 
suggested as necessary for complete informa- 
tion, but a ratio between the flow of the 
stream and the rainfall over the area may be 
established if one complete year’s record of 
the former is known. By means of this ratio 
the flow during a sequence of years may 
readily he deduced from rainfall records, and 
the average water supply available be 
determined. 

§ (15) Net Water Supply. — The reliable 
procedure is to find the year of lowest annual 
rainfall during a cycle of, say, fifteen years 
and to establish the daily flow during this year, 
comparison being made with the year of actual 
gaugings on a basis of the effective rainfall, 
after allowance for evaporation has been 
made. Alternatively, the general mean annual' 

1 See § (24) (ii). 
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fall, reduced by 20 per cent, may be taken as 1 
the eq^uivalent of the three driest consecutive | 
years, which in practice is the largest amount j 
that can safely be reHed upon. A further ! 
reduction should be made to allow for evapora- i 
tion, which in the British Isles may vary from i 
10 to 20 in., and the remainder, subject ? 
to any clai m s for compensation water to be I 
given off to streams previously supplied by 
the drainage area, becomes the flow available | 
per annum for a proposed supply. * ! 

§ (16) MaxevitjM Continuous Flow. — The ! 
most imixirtant consideration in any water 
supply, whatever the purpose for which it is ! 
projected, is not the mean annual or daily ' 
flow, but the maximum continuous fl.ow, j 
which can under all circumstance be main- | 
tained. It is evident that the natural run-off ^ 
of a drainage or catchment area, subject as ] 
it is to continually varying ra infall, evapora- - 
tion, and ground storage, will itself be of a con- ; 
stantly fluctuating eharaeter. If , therefore, the 
natural flow is to meet all the demands that , 
are to be made upon it, it follows that these ; 
demands must be so regulated as never to ^ 
exceed the minimum dry weather supply of ■ 
the drainage area which thus becomes the j 
maximum continuous flow of the projected I 
supply. In such a case all flow in excess of | 
this amount becomes of no direct interest j 
to the engineer and must be allowed to go 
waste- ) 

§ (17) Stoeage. — If, however, the require- ' 
ments of the supply necessitate a grater . 
discharge, or if fuU advantage of the drainage ! 
area is to be secured, the water which is in | 
excess during the wet season or during floods j 
must be impounded for use in the dry season. ! 
This is done by the accumulation in reservoirs ! 
of some of the excess over the low-flow volume 
during any or all of the periods 
when it occurs and the utilisa- 
tion of this stored supply to 
maintain a continuous flow, 
higher than the natural low- 
flow. Storage is usually essen- " 
tial to any extensive supply 
and is one of its most import- 
ant features. It assists to stiU 
further conserve natural re- 
sources by making use of at least a portion of 
the large and wasting flood waters, and serves 
to bring them under control, thereby obviating 
destruction to property and sometimes to hfe 
which may otherwise result. 


rainy days are frequent and general, and the 
soil is always more or less saturated, the 
storage provided will depend on the extent 
of the fall, being greatest where the rainfall 
is least, and ranges from 120 days’ supply 
in the Xorth of England to twice that amount 
in the south- In India, where the monsoon 
forms the principal source of rainfall, and is 
liable to fail any one year, it is necessary 
to provide storage to give supply during two 
consecutive dry seasons. 

An excellent example of this is afforded 
by the Tata Hydro-Electric Power Supply, 
il^mbay, where the total quantity of water 
required to enable the turbines to give 100,000 
h.p. for ten hours daily during nine months, 
after allowing for loss by evaporation, soakage, 
and friction inpipes and turbines, is 6700 million 
cubic feet, and the combined capacity of the 
two main storage lakes is about 10,100 million 
cubic feet. The excess capacity is given in 
order that balances in years of excessive 
rainfall may make up for occasional short 
monsoons. 

§ (19) Stobage Reseevoibs. — Generally 
speaking, the best site for storage is that where 
the largest amount of water can be stored 
by means of the shallowest, shortest, and 
smallest embankment. If natural lakes can 
be utilised by the construction of a dam 
across the effluent river it is usually the most 
economical method. Notable examples of this 
are given in connection with the water supplies 
of Glasgow, Manchester, and Dundee. Other- 
wise a wide and flat valley with impervious 
strata, preferably rock and ending in a 
narrow gorge, should be looked for. The 
dam for the closing of the outlet to the 
storage area must be perfectly watertight, and 
of such a construction as will prevent the 


impounded water passing below, round the 
ends, or over the top of the work. 

{L) Earthen Dams. — Formerly the usual 
type of dam was the earthen embankment, 
j {Fig. 10) with its core of tough, impervious 


§ (18) Stobage Capacitt- — The storage 
capacity which it will be necessary to provide 
win depend not only on the proportion of 
flood water compared to the low flow intended 
to be stored, but will be principally affected 
by the duration of the longest period of dry 
weather, which may not necessarily be a period 
entirely without rain. In this climate, where 


clay or puddle -wall carried to a sufficient 
depth to ensure perfect union with an imper- 
vious stratum. This was backed on either 
side by harder and less water-tight materials, 
the inner slopes being covered with stone 
pitching to prevent the wash of the waves 
from injuring the earthwork. For embank- 
ments of moderate height the inclination of 



Fig. 10. 
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the surface is nsuaUy 3 to 1 on the inner or 
■water side, and 2 to 1 on the outer slope* 

(ii.) Masonry Dam. — The earthen dam, 
■where properly constructed, has been very 
successful, but the tendency in modem 
practice is to adopt the masonry dam, at least 
where the height of the wall exceeds 80 feet. 
The structure may be of coursed masonry, or 
of concrete mass, or of concrete reinforced 
by steel, the necessary condition of stability 
in each case being a continuous rock 
foundation. 

§ (20) Outlets. — The outflow of the w^ater 
under proper control was usually pro-vided for 
by iron pipes, or stone or brick culverts 
carried through and under the earthwork of 
the embankment. Failures have frequently 
resulted from the leakage of water along the 
surface of these outlets, or from the fracture 
of the outlet caused by excessive local pressures 
or unequal settlement. The latest and best 
constructed reservoirs have outlets which are 
entirely disconnected from the embankment, 
and consist of tunnels formed of masonry, or 
reinforced concrete, placed in an adit which 
has been regularlj^ mined, the line adopted 
being either round and clear of the end of 
the emba n k m ent or at a considerable depth 
beneath its lowest point. 

For the regulation of the flow the entrance 
to the culvert or the tunnel is best commanded 
by a valve tower, which may be provided -with 
sluices on the outside and contain in the 
interior an upstand pipe connected with the 
outlet main, and having valves at different 
levels, so that delivery may take place from 
near the surface, and therefore be as free from 
suspended matter as possible. 

Syphon ouUets are sometimes used where 
the depth of water does not exceed 27 ox 28 
feet. The discharge pipe may be carried up 
the inner slope over the top of the bank and 
down the outer slope, or it may be laid along 
the s^Jlid ground from the toe of the inner 
slope round the end of the whole work, as in 
the case of the tunnel outlet. Valves are 
necessarv^ b'jth at the inner and outer ends of 
the pipe, the latter being at a level sufiiciently 
low to ensure that flow ■will be maintained 
against the friction of the pipe. To guard 
against the accumulation of air at the summit 
of the pipe, valves suitable for the extracting 
of air and the charging the pipe with water 
must be provided. 

§ (21) Settling TA>rK. — In order to allow 
for the settlement of sediment and the 
interception of floatage a “ residuum lodge ” 
or settling tank is formed at the entrance 
of the storage reservoir. Sluices or valves 
are provided, so that the disehaige from the 
settling tank may be passed into the reservoir 
or diverted into a by -channel and thence 
passed into the -waste watercourse. This 



latter alternative is adopted when it is con- 
sidered inad-visahle, either because of flood 
discoloration or similar reasons, to permit 
the water to pass into storage. A device, 
which effects this automatically is the leaping 
weir. When the flow is normal the catch- 
water channel, 
situated just be- 
low and at right 
angles to the 

supply stream, ^ t ; r - v \ 

collects it entirely ' ' ^ ^ 

and conveys it 

to the reservoir. 

When in flood, the velocity of flow becomes so 
great that the water misses the collecting 
channel and passes on to waste {Fig. 11). 

§ (22) Waste Wetr. — Since the heaviest 
floods experienced often occur after a season 
of rain, when in all probability the reservoir 
is quite full, it is necessary to arrange for a 
waste weir to deal -with a quantity of water 
equal at least to the entire flood of the draiuage 
area. In earthen dams it should be kept 
distinct from the embankment and formed in 
a cutting in the solid ground at one of its 
extremities. The flood water carried off 
should be conveyed by the waste watercourse 
to the stream bed below in such a manner 
as not to injure the stability of the structure 
of the dam. Where the construction is in 
concrete or masonry the spillway may form 
part of the wall. 

§ (23) Flow is Pipes a^'d Open Channels. 
In the construction of a distributing system 
for a proposed supply the important factors 
to be determined include the volume of water 


to be passed, the minimum size of pipe or 
section of channel requisite for its conveyance, 
and also the conditions involving losses of 
head and the magnitude of the latter. The 
choice between pipes and a form of open 
conduit or tunnel wiU depend on whether the 
water is to be conveyed under pressure or 
not, and largely on the nature of the country 
to be traversed. Frequently in large works 
use is made of both methods. 

§ (24) Velocity of Flow in Pipes. — ^L lany 
methods have been devised for the measure- 
ment of velocity and volume of flow in pipes. 
The most accurate is that of collecting the 
discharge during a definite time in a calibrated 
tank, but this is only suitable when the 
discharge is smaU. 

(i.) Chemical Method . — Fer low-faU installa- 
tions, where large quantities of water have to 
be dealt with, use is increasingly being made 
of the chemical or titration method, in which 
a given weight per minute of a chemical is 
introduced into the supply pipe and the 
quantity present at some point nearer the 
exit is afterwards determined and the rate 
of flow deduced. As recently developed this 
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methcxi is said to give results Trhieii are 
accurate to within 1*5 per cent. 

There are also meters of the positive type, 
where, for example, the filh'ng and emptyhag 
of a tank or cylinder is the special feature 
and the number of repetitions in a definite 
time are registered on an indicator. Or the 
volume of water passing 
through a small turbine 
may be inferred from the 
number of revolutions in 
a given time of its runner 
after careful calibration 
by means of the paissage 
of known volumes. 

(iL) Pitot Tube. — One 
of the simplest velocity 
indicators is the Pitot 
tube. Its essential feature 
is a vertical tube A (Fig^ 
12) of fine bore vith the 
bottom end bent at right 
angles facing and open to 
the flow. The height of 
the column of liq^uid in the 
tube is the measure of the pressure equivalent 
to the velocity head added to the statical head 
of the tube water outside. To determine the 
statical head, the tube may be turned through 
an angle of 90° about its vertical axis so that 
its orifice would be parallel to the direction 
of flow. The illustration shows a second 
vertical tube B communicating at the bottom 
end with the casing, which in turn has openings 
arranged tangentially to the flow. This serves 
as a statical head indicator, and the difference 
in level at any instant between the two tubes 
serves as a measure of the velocity head, and 
therefore of the velocity 
itself (see also article 
‘‘ Aeronautics 

(in.) Venturi Meter , — 
For measuring large 



to th^ points. Then it can be shown that 
the vekxity is given by the equation 

where and ^^e the pressures at the 
areas A and a respectively and W the weight 
of 1 cubic foot of the liquid, and the dis- 
charge in cubic feet per second by 


Fig. 12. 







Fig. j3. 


quantities of water the simplest and most 
satisfactory method is that of the Yenturi 
meter, shown in Fig. 13. It consists of a pipe 
of area A. uniformly converging to area a, 
then a short parallel neck afterwards diverging 
to its full diameter. It forms a section of 
the main pipe. The whole quantity of water 
passes through it and there is no obstmction 
to flow. The difference of pressure which 
exists at the inlet to the converging length 
and at the parallel neck, due to the accelerated 
velocity at the latter point, is measured as in 
the Pitot tube by a differential gauge connected 


o_Y fPi.-P-. 

WT(A/5)~1 } W 

The degree of error which may reasonably 
be expected is only about 1-5 per cent, and 
the meter registers efficiently at almost any 
velocity. 

§ (25) Pipe Line Losses.'^ — The losses which 
occur are due mainly to friction in the pipe 
and to friction and eddy formation at entrance 
and exit, at valves, sluices, elbows, bends, pipe 
junctions, and at sudden alterations in the 
cross - sectional area of the pipe. Much 
experimental work has been undertaken to 
determine the laws governing the loss of head 
resulting from resistance to the flow of water 
through a pipe, as . effected by variations in the 
velocity of flow, the size of the pipes, and by 
the degree of smoothness of the internal surface. 

(i.) Early Experunents . — From early experi- 
ments it was deduced that the frictional 
resistance to the flow of a fluid was : 

{a) Independent of the fluid pressure per 
unit of area. 

lb) Xeariy proportional to the area of the 
wetted surface, whatever the form of the 
crt^-section A of the containing channel, 
that is, to ZP, where I is the length and P 
the wetted perimeter. 

(c) Approximately proportional to the 
square of the velocity v of the fluid. 

The frictional resistance F to the motion 
of a prism of water might therefore be 
considered equal to ; w being tbe 

weight of unit volume of the fluid and c a 
suitable constant. 

If such a prism of weight equal to tpZA 
moves under the action of gravity through a 
distance x along a channel having a gradient 
i giv^ by the ratio hjl, the energy expended 
will be wlEix ft. -lbs., where h is the vertical 
height between the two ends of the pipe. 

This is equal to the work done against 
friction, and therefore 


Hence 


wlKix = Fa: = cwTPv^x. 


• P 3 






where m is written for AjP and C = ( 1/c)^. This 
is known as the Chezy formula. 

The ratio A/P = (area of cross-section/wetted 
perimeter) is termed the “ hydraulic mean 
1 See article “Friction,” § (14). 
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depth ” and is the depth the volume of water 
would have if it were contained in a rectangular 
channel with a flat bottom of the same area 
as the wetted walls of the channeL Thus 
the head h necessary to maintain a uniform 
flow V along a channel of length I and hydraulic 
mean depth m would he represented by 

7 . 

h = c — . 
m 

The coefficients c or C, as used in the Chezy 
formula v—QKmi given above, can only be 
constant in the case of pipes if A is propor- 
tional (1) to for all values of the velocity 
and of the pipe diameter, whether large or 
small, and (2) to the wetted perimeter for 
pipes of different diameters, and is in addition 
independent of the roughness of the internal 
surface. 

It is now known that none of these assump- 
tions are warranted, though for a time the 
compensation of errors obscured the truth. 
Bubuat, Prony, D’Aubuisson, and others 
directed their attention to the true relationship 
between resistance and velocity, while D’Arcy 
investigated the effects of different diameters 
of pipes and of varying degrees of roughness, 
and the investigators in both diriwtions 
sought to express their results in terms of a 
binomial function of i\ 

(ii.) Rtifnddsi Index Law, — Professor Osborne 
P^eynolds evolved a rational formula based 
on the assumptions that the resistance to 
flow varied with the diameter, length, and 
surface conditions of the pipe ; with the 
viscoaty and density of the fluid, and with the 
mean vel<jcity of flow through the pipe, and 
that it varied with some power of each of 
these factors. A modification of this rational 
formula has been adopted by various later 
investigators, iucluding Unuin, and is repre- 
sented bv the relation 

d-’ 

where h as before is the drop of head in feet 
required to maintain a nniform velocity. 
The resistance is thus proportional to the 
Tith power of v and inversely proportional 
to the arth power of the diameter d, while / 
is a coefficient deduced along with the values 
of 11 and X from the r^nlts of several experi- 
menters,^ I being in feet. 

Unwin's mean values are as follows : 


Surface. 

/. 

! X. 

n. 

Wrought iron . 

■0226 

i 

1 1-210 

1-75 

Asphalted pipes . 

-0254 1 

1-127 i 

1 1-85 

j Riveted wrought iron 

-0260 

1-390 

1-87 

Xew cast iron . . . | 

-0215 j 

1-168 

1-95 

I Cleaned cast iron . 

■0243 ! 

1-168 

2-00 

1 Old cast iron - . . j 

-0440 j 

1-160 

2-00 


^ See “ Priction,*’ § (14) iii. 


The values of / and n increase with the 
roughness of the surface, and x varies with 
the surface and increases with the diameter. 

(iii.) Practical Considerations. — In dealing 
with practical problems, however, it is often 
convenient to express the relation between 
the velocity and the head in the form adopted 
by Chezy, 

T ^ 

T’ 

where //2g has been written for the coefficient C, 
and Professor A. H. Gibson includes, in his 
“ Hydraulics and its Applications,” tables of 
the values of / and C calculated from the mean 
results of the formulae of Unwin, Tutton, and 
Thrupp, showing within the range of velocities 
common in practice their variation with v 
and with the pipe diameter in pipes of different 
types. The internal corrosion of a pipe, by 
increasing the roughness of its walls and by 
reducing its effective area, will usually increase 
the value of / considerably after a few years’ 
use, and must be allowed for when estimating 
the diameter necessary to maintain a given 
discharge. 

(iv.) Loss ai Entrance. — ^This will depend on 
the form of entrance adopted, the loss of head 
varying from about ■05(i'^/2^) ft. with a bell- 
mouth to v^j2g ft., where the pipe projects 
into the reservoir and forms a re-entrant 
mouthpiece. 

Weisbaeh has shown that with a gate valve 
m a circular pipe the loss m head due to the 
presence of the valve when three-fourfchs open 
would be represented by •26(2;-/2gr) ft., and at 
half opening be eight times as great. 

(v.) Bends and Elbows. — ^If loss of head is 
represented by Tiv^l2g) the following values of 
F are approximately correct for losses in 
pipes of radius r, with bends of radius R, 
making an angle of 90° : 


R 

r 

Elbow 

4 

8 

12 

16 

20 

F 

1-20 

•40 

•29 

•36 

•29 

-22 [ 


(vi.) Loss ai Exit. — The whole of the kinetic 
energy of pipe flow v^j2g is usually dissipated in 
eddy formation when discharged into another 
mass of water, and if discharge takes place at 
a height h above the free receiving surface 
this height will be included in the loss of head. 

(vii.) Toicd Loss of Head. — The total head H, 
therefore required to maintain a uniform 
velocity of flow v will be equal to the kinetic 
energy at exit -f the loss by friction in the pipe 
+the losses at entrance valves, bends, or 
sudden, changes in section of the pipe, and 
win be represented by an equation such as 
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Hence, 


2ffB: 

'l-h2F-h(J7/m)' 


We obtain thus the velocity due to a given 
difference of head in a pipe of given length 
and diameter. Since the discharge in cubic 
feet per second Q=areax v — (7rd^l4:)i\ 


we find Q = 


ird^ 


v^2gH 


4 si + 2:F -f ifijm) 


If the length and diameter of the pipe are 
known, the head necessary' to give any re- 
quired discharge may be determined. Thus 

8Q--{I+SF + (//»} 

§ (26) Hydeaulig Gradient. — If steady 
flow is to be maintained between two points 
at different levels through a pipe running 
full with a velocity v, the total difference of 
level must be equal to the 
total loss of head. Thus 
SF(r2/2sr)=H. 

If a longitudinal section be 
made along the line of the 
pipe and, if from a horizontal 
line drawn through the upper surface there 
is set down a series of vertical ordinates 
representing at various cross-sections the total 
loss of pressure per unit volume from the 
pipe entrance to each section comadered, then 
the curve formed by joining the ends of these 
ordinates defines the hydraulic gradient for 
the pipe line. For a straight length of pipe 
without valves or other obstructions the 
gradient would be constant and would he 
represented by a straight line {Fig. 14). The 
slope of the curve giving the hydraulic 
gradient is termed the virtual slope of the pipe. 

§ (27) Open Channels. — The formula 
Ji = {flv-jm2g) is generally adopted as a basis 
for determining the loss of head for a non- 
accelerated flow in open channels, where 
771 = ( A/P) =the ratio of the cross-sectional area 
to the wetted perimeter. 


and to maintam constant flow we must 
have 

/2g h « / — 7 

The difficulty has been to determine values 
of / or C w’hich will he applicable to channels 
having widely differing physical character- 
istics. 

Bazin deduced for C a value given by 
157-6/1 +(N/v'^77i) foot units, where Y is a 
quantity w^hich varies with the character of 
the surface. This gives good results for 
channels under 20 feet wide and with velocities 
not greater than 4 feet per second. 

The value generally used is that derived 
from the Gan^ullet and Kutter formula : 

41-6 + CO028I/0 + (l-81^'g^ foot unite. 

1 + { 41-6 + (- 00281 / 0 ; (^7 

due to£n^r ancf/os8 and 



FIG. 14. 


N, again, depends on the character of the 
surface, l^lmbly a rational formula of the 
type 

{A/P}* 

would most nearly represent the law of channel 
flow. 

Amongst others, Professor Claxton Fidler 
determined the values of /, a, and x for such 
a formula from the many experimental re- 
sults available, and a few exajnples are given 
below' : 


n. ! 

z. 

/. 

1-75 

1-167 

•0000676 

1-75 

M67 

-0000787 

1-75 

M67 

-0000787 

1-75 

1-167 

-0000787 

1-75 

1-167 

•0000904 

1-77 

M8 

■0000871 

1-80 

1-20 

•0000977 

1-80 

1-20 

•0001122 

1-90 

' 1-33 

•0001202 

1-96 

1-40 

-0001521 

2-10 

1-50 

-0002240 


Form of Section. 


Material of Surface. 


Circular . 
Pectangular 

Circular . 
Rectangular 

Circular . 

Rectangular 
Circular . 

Rectangular 


. I Smooth neat cement 
. i Smooth neat cement 
r I Cement and sand 
\ ! Smooth brick 
. j Smooth ashlar 
{ I Bare metal pipes with riveted j \ 
I i joints j j 

I j Rough brickwork I 

. Rongh brickwork or ashlar 
. ! lin^ with fine gravri 
f I lined with fine gravel 
j Rubble masonry 


I 


If the slope of the channel be uniform 
then hjl is a constant, which we denote by i. 


§ (28) Best Dimensions of Channel. — The 
best form and dimensions of channel are those 
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wMcli will give the maximum diseiiarge for 
a given slope and given cross-sectional area. 
Xow Q ~Ai' = C \ (A^/P)i. On the assumption 
that G is constant fur a given surface, in order 
that Q should he a maximum we must find 
the differential coefficient of this expression 
and equate it to zero. The following sections i 
give the proper rions thus obtained for a few j 
of the common forms of channel and the i 
resulting value of Q on the assumption that 
A has a constant value. 

Trapezoidal Channels. — Let &=the half bottom 
breadth, d=the depth, a=cot 6, where 6 is the angle 
of slope of the sides- 
Then we have 

A==2bd-T8d^, P=2{6^rfv'rf^), I 


are tangential to a circle having its centre in the 
water surface. The semicircular section when 
r unni ng full may be regarded as the limiting case, 
and has a hydraulic mean depth of <f/4, which is the 
maximum for properly designed polygonal forms, 
and therefore gives the maximum discharge for a 
fixed area. 

Circular Sections . — With a circular channel of fixed 
diameter, but where the water-level subtends a vary- 
ing angle 6 at the centre, the condition of maximum 
velocity can be shown to be tan ^=257*5°, 
and for maximum discharge 26-Z6 cos, ^-^-sin 6—0. 
d=^^° satisfies this latter condition. 

Tables showing the relative discharges of 
trapezoidal channels with vailing slopes, and 
circular channels with different flow levels, 
are given below : 


Slope 

1 of Sides. 

j 

e. 

Wetted 

Perimeter, 

P. 

Area. 

A. 

Hydraulic 
Mean Depth. 
A-4 -P=»i. 

Velocity. 

vco'^m. 

Discharge. 

Q=A • vecAVm. 

1 

I 



Trapezoidal 



1 toO 

90° 

4d 

2d® 

dl2 

\fdj^ 

2d^s/Jl2 

lin h 

63 

3-i7d 

l-74d® 



1-744* „ 

lin 1 

45 

3‘G6d 

l-83d® 



I'SSd® „ 

1 ia 1*5 

34 

4*2]<i 

2'lld2 



2-lld2 „ 

i 1 in 2 ; 

26-5 

! 4‘94d 

2-47d® 


- 

2-47d® „ 

' Depth ID 



Circular 



! terms of 2r. 







! -1 i 

74 1 

l*286r 

‘163r® 

•127r 

•504 

*0S2r® \V/2 

} -3 

133 

2-31Sr 

-792r2 

•342r 

•828 „ 

•656r® „ 

* -5 

180 

3-141r 

l-571r® 

£00r 

1-00 „ 

l’57r® „ 

1 -81 

256 

1 4-480r 

2-726r® 

•60Sr 

MO „ 

S-OOr® 

j .95 

308 j 

5-382r : 

S'OSSr® 

♦572r 

1-07 „ 

3-304r2 „ 

1-00 j 

360 1 

6-2Sr I 

3-14r® 

•500r 

1-00 „ 

3-14r® „ 


and remembering that A is ccmstant we obtain, on 
substituting in the value Q from these equations and 
differentiating, as 
the condition for 
maximum dis- 
charge, the result 
that 

Fig. 15. and in this case the 

sides of the channel 
touch a circle of radius equal to the depth of the 
ehaimel having its centre in the surface. 

The m a ximum discharge in terms of 6 and s be- 
comes 

' \2( N I 

and for a rectangular section where 5 is 0 
Q=CN.%i 

Semicircular Channel.~The hydraulic mean depth 
of any polygonal channel where A is constant is 
greatest when the sides and bottom of the channel 


§ (29) Utilisation of Sitpply.— The supply 
of water which has been determined by the 
methods described and brought under control 
may either be utilised for the potential energy 
it contains or distiibuted for various domestic 
and commercial purposes. The potential 
energy of any store of water is measured 
by the product of the fall H {in feet) which it 
would make in its descent from a higher to 
a lower level, multiplied by the weight of 
water which may be utifised per unit time. 
If W be the weight of water delivered per 
second the theoretical energy per second 
= WH ft.-lhs. and is equivalent to a theoreti- 
cal horse-power of ( 1/550) WH. 

On the basis of a mean annual rainfall of 
36 inches, and an average available fall of 
50 feet, 240,000 million foot-pounds of energy 
would be available per annum per square 
mile of gathering ground. If it was possible 
to collect and utilise half of this eneigy 
throughout a normal working year at an 80 
per cent efficiency it would represent a total 
of 16 h.p. per square mile. Professor A. H. 
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Gibson estimates the water-power available in 
the world as exceeding 200 million horse-power, 
while the* amount available and developed in 
America and Britain has been given as follows : 

Beake Hoese-powee 


: 1 

1 1 

Available. 

Developed. 

1 Per cent | 
j Developed. | 

1 1 

i United States . 

1 Xillion. 

28-1 

i amiian. 

7 

' 1 

. 24-9 1 

1 Canada (North) . i 

! 18-8 

1-7 

1 9-2 

! Canada (South) . 

' 8-1 

1 

21-3 

i Great Britain . 

j -90 

, -08 

i 8-3 1 

[ Europe . 

! 34*5 

1 

! C-0 

. 17.4 1 


These numbers representing the available 
power can only be regarded as very approxi- 
mate, and so far as they relate to this country 
include much of the supply necessary for 
domestic purposes, or which must be con- 
served for trade and commercial purposes. 
The daily rate of consumption under this head- 
ing varies from about 20 gallons per bead of 
population in Sheffield to 70 gallons in Paisley, 
and provision requires to be made so that, in the 
event of the emergency of fire, the supply per 
hour may exceed this by as much as 50*per cent. 

The total available water supply is for 
commercial and domestic purposes capable of 
being supplemented by the use of wells and 
underground reservoirs, which, however, neces- 
sitate the use of pumps, and do not add directly 
to the power resources of the country. 

The following are mentioned as a few 
typical examples of the largest power installa- 
tions which have recently been made : 


I of a system of duplicate tidal basins capable 
I of working at all states of the tide and there- 
I fore without storage plant. There are several 
options with either method. 

I (i.) Single Tidal Basin . — When a single tidal 
j basin is used water may be impounded through 
I sluices during the rising tide and, when the 
! sea-level has fallen a portion of its range, 
^ allowed to operate the turbines at a nearly 
constant bead until low w ater. If the curve 
I ABC {Fig. 16) represents the sea-level on a 
: time base, then ab shows the level in the tidal 



basin, on the supposition that the rate of fall 
I is kept constant and the head is nearly equal 
to 6B throughout. The period of working is 
represented by a-^bi and the interval of idleness 
by the tide period AiC\, less An increase 

in the working head can only be obtained by 
means of shortening the period ot operation, 

I and the maximum output will be obtained 
' when the head is approximately half the tidal 
range. An increase in output may, however, 
; be made by utilising both rising and falling 
j tides, the arrangement of the water passages 
I permitting the use of the turbines with a flow 
I from either side of the wall in which they are 
‘ set, or duplicate inflow turbines are provided 


1 

Undertaking. 

Country. 

i Working Head 
; (ft.). 

No. of Units. 

Total Output. 
B.H.P. 1 

TroUhattan Station . . . • I 

Sweden 

j 106 

8 

100,000 

Keobuk Power Station, Mi^issippi 

U.S.A. 

I 39 

15 

210,000 

Cedar Rapids Station, Montreal . . i 

Canada 

j 30 

12 1 

129,600 

Aura Plant 

Norway 

1 2350 

6 ' 

141,000 

Tata Plant, Bombay . . - • 

India 

, 1650 

i ^ 

81,000 

British ATumininTn Co., Kinlochieven . 

Scotland 

900 

11 

36,300 ! 

i 


-- § (30) Tidal Poweb. — Perhaps the greatest | 
source of water-power is to be found in the j 
daily action of the tides of the ocean. Twice 
each day, due to the gravitational attraction 
of the sun and moon, great masses of water 
become possessed with an energy of position 
which it is possible to convert into work. 
WMle the practicability of such a project is 
assured, the desirability and expediency 
becomes entirely a matter of cost. The choice 
of methods lies between the use of a single 
tidal basin divided from the sea by a dam in 
which are placed turbines, having intermittent 
periods of working separated by more or less 
lengthy intervals of idleness and equipped 
with suitable storage plant, and the adoption 


The work done per complete tide would then 
he approximately 50 per cent greater, the idle 
period shorter, and the storage plant neces- 
sary would be correspondingly reduced. 



m. 17. B 


Another possible modification is where the 
water during both rising and falling tides is 
I allowed to flow through the turbines and to 
‘ adjust its own level. If ABC (Fig. 17) repre. 
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sents the sea-level, the level in the tidal basin 
would also show a cyclical variation as at abc, 
.the working Lead being the intercept between 
the two curves. At their intersection points 
ab the Lead is zero, and for an interval before 
and after these points the turbines will cease 
to function. The working period and the 
possible output per tide is greater with this 
arrangement, but the variation of head, with 
all its disadvantages, is very large. 

(ii.) Two Tiddl Basins . — ^When the installa- 
tion consists of two tidal basins, power may 
be developed continuously by allowing flow 
through turbines to the sea to take place 
from one called the upper basin during the 
lower portion of the tidal fall, while the other ; 
or lower basin is emptying through its sluices, i 
Flow from the sea through the turbines to 
the latter occurs during the upper portion of 
the tidal rise, and meanwhile the upper basin 
is being filled through the sluices. This is 
shown diagrammaticaUy in Fig. 18. In 
addition to the cost of providing two tidal 
ba-<CTn« this method necesatates duplicating 



FIG. 18. 


turbines, while the output is not larger than in 
the best of the single-basin systems. 

Whichever form is adopted the cost per 
horse-power will vaiy, other things being equal, 
with the tidal range. Because of this, and also 
because of its favourable configuration, much 
attention has been given to the estuary of the 
Severn, the mean range of spring tides at 1 
Chepstow having the high value of 42 feet 
and of neap tides of 21 feet, as compared with 
the average value around the coast of Great 
Britain of 16-4 and 8-6 feet respectively. 

It is estimated that if an area of 20 square 
miles could be utilised at the spring tidal range 
of the Severn the average daily output working 
without storage plant would approximate to 
10 million horse-power-hoxirs. 

The principal difficulty, however, in con- 
nection with -any tidal -power scheme lies in 
the relatively great fluctuations in head. The 
cyclical daily variations may he provided for 
and continuous operations ensured, but the 
great relative differences between spring and 
neap tides force the choice of either designing 
for the minimum head and thus utilising only 
a small proportion of the available energy, 
with a consequent increase of the power unit 
cost, or of adopting some equally costly form 
of storage. WMIe this is so the vast possi- 
bilities which await a development of tidal 
power at a reasonable cost makes it imperative 


that the investigations at present in progress 
should he continued until success is achieved. 

II. Availability of Water Supplies foe 
Power or other Purposes 

§ (SI) Pumps. — ^In order to utilise directly a 
supply of water there must be in addition to 
an adequate quantity an available head cap- 
able of being converted into power or used in 
overcoming resistance during its distribution 
for domestic, trade, or irrigation purposes. 
When the supply does not possess the requisite 
head it can be acquired by the raising of the 
water from a lower to a higher level by means 
of a properly designed machine, and is termed 
Pumping. The power of the machine or pump 
must be sufficient not only to raise the 
required amount in a given time hut also 
to overcome the various resistances to flow 
encountered in the process. These consist 
principally of the friction of the pump and of 
the inlet and delivery pipes. The nature and 
magnitude of the pipe line losses have already 
been dealt with in dLscussing the loss of head 
incidental to a gravitational supply. The 
characteristics, losses, and efficiency of the 
I different types of pumps will now be treated 
I in turn. 

§ (32) Scoop Wheels, supposed to have been 
us^ by the Chinese in very remote times, 
are still in operation in the Fen district and 
also in the lowlands of Holland, where large 
volumes of water have to he lifted to compara- 
tively low heads of 4 to 8 feet. In some of 
the recent examples they have been capable 
of dealing with 300 to 400 tons per minute 
against a head of 5 to 6 feet, the diameter of 
the wheel being 30 feet by 5 feet wide, and the 
number of revolutions 5 per minute. The 
entrance of the water to the wheel is controlled 
by a sluice gate which delays the contact of 
wheel and water until the vanes have nearly 
reached the bottom of their path. The tail 
sluice may either he adjustable about a hori- 
zontal axis at its lower end or free to take up 
a natural position as determined by the 
discharging stream. The efficiency of the 
plant including the drive varies from 65 to 75 
per cent, depending upon the ratio of the wheel 
diameter to the lift. Generally speaking, the 
larger the diameter for a given lift H the more 
efficient is the pump, and the usual proportion 
is that the diameter is lOs/S. 

§ (33) Archimedean Screw. — ^It is fitting in 
the case of this obsolete type that as there is 
a record of its use in Egypt before Hero’s time, 
so the largest and possibly the last installation 
of importance should be that at Katatbah in 
1881. It consisted of ten sets of screws, each 
designed to raise 25 tons of water per revolution 
against a total head of 12 feet, which, with a 
speed of 6 revolutions per minute, represented 



HYDRAULICS 


509 


120 h.p. per screw. The plant was not a 
success and was soon replaced by another 
type. In the designe<l arrangement a helical 
screw rotated about an axis inclined to the 
horizontal at an angle les& than that made by 
the surface of the helix, and was contained in 
a closely fitting tube, the lower end being 
immersed in water. On rotating the screw, 
the water tended to run down the surface of 
the helix by reason of its greater inclination 
and conseq^uently passed up the tube emerging 
at the top in the head water. Under favour- 
able circumstances an efficiency of To per cent 
has been reached. 

§ (34) Recipbocatixg Puiips. — This im- 
portant class of pump consists essentially of a 
cylinder in which the reciprocating motion of a 
bucket, plunger, or piston, or a combination of 
these, is used to lift water directly, by the 
action of suction or of pressure. On the up or 
suction stroke of the pump a partial vacuum 
is formed beneath the plunger or piston, and 
atmospheric pressure acting on the free surface 
of the supply produces flow in the suction 
pipe. A volume of water equal to the 
displacement of the plunger is admitted to 
the pump chamber through a foot suction 
valve which on the down stroke closes auto- 
matically while an equal volume is transferred 
to the pressure side of the delivery valve. 
Where the arrangement includes both bucket 
B and plunger ju, as in Fig. 19, the water 
displaced on the 
down stroke 
passes through 
lift valves v in 
bucket, and a 
volume equal to ; 
the displacement i 
volume of the I 
plunger is dis- 
charged through I 
D. On the up ' 
stroke a dis- i 
charge equal to | 
the differmice of j 
the bucket and | 
plunger displace- I 
ment volumes 
takes place. 

When the 
pnmp is of the 
type shown in 
Fig. 20, having 
a piston and 
plunger, then 
during the in stroke a volume of water equal 
to the volume of the piston displacement is 
passed through the discharge valve D, but a 
portion of this is simply transferred to the 
opposite side of the piston. The actual 
discharge during this stroke is only equal to I 
the plunger displacement volume. On the i 


j out stroke the delivery is equal to the difference 
j between the volumes of the piston and plunger 
I displacements. In each case, therefore, the 
j discharge is divided over the two ^rokes. 




Tig. 19. 


Let A, = head of lowest position of plunger above 
the lower water surface. 

Ad —head of upper water surface above lowest 
, position of plunger. 

A^=atmospheric pressure head. 

A/=head required to overcome friction of 
suction pipe. 

Aa=head required to produce aa^leration erf 
suction water column. 

The pressure head available to produce flow in the 
suefion oo}uinn=A^-A, and must be not less than 

Aej-j-A/w 

If the flow is small Ao+A/ will nearly equal 0, 
and A, may neariy equal or 34 feet approximately, 
in practice - A, represents a head erf about 10 feet, 
and A, is not greater than 24 feet. 

If A = area of croes-secticHi of bucket or plunger in 
square feet 
L= length of stroke. 

W = weight of cubic foot of water in lbs. 

Then WAA, — weight of water displaced during suction 
stroke through a distance L feet 
WAAd= weight of water lifted during deUveiy 
strokes through a distance of L feet 

Therefore the total work done per cycle 

=WA(A,-rAd)L foot-lbs. =WALAj^ foot-lbs., 
where Aj^=A*-}-A 4 i=total lift 

With the bucket type pump, suction and 
delivery takes place during the up stroke, 
the return stroke being idle. When a plunger 
is used suction takes place during up stroke 
and delivery during return. In either case 
delivery is mtermittent and occurs during 
alternate strokes. WTiere a bucket pump is 
converted into the combined bucket-and- 
plunger type by the enlargement of the 
bucket rod the work done per cycle remains 
the same, but a deliveiy, equal to the difference 
of the volumes swept through by bucket and 
plunger respectavely, occurs during the suction 
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stroke, vliile the remainder of the bucket 
volume is discharged during the down stroke. 
For equal ^scharges on the two strokes the 
area A of the piston or bucket should be twice 
the area a of the rod or plunger. 

To equalise the work done during the two strokes 
of the cycle, when the pump is vertical and the weight 
of the reciprocating parts is the following 



§ (35) Single- and Double-acting Pumps. 
— Where suction takes place during one stroke 
only of the cycle the pump is said to be 
single-acting, though the flow is continuous. 
This type may be converted into the double- 
acting type by the duplication of suction and 


delivery valves, so that suction takes place 
during both in and out strokes of the piston. 

If the pressure head against which delivery ! 


is taking place is high or the water being 



Fig. 21. 


pumped contains considerable impurities 
rendering accessibility to packing desirable, 
the plunger type of pump is usually adopted ; 
and if the pump is double-acting, outside in 
preference to central packing is employed. 
This is shown in Fig, 21. 

(i.) Yarintio7is in Discharge . — In pump de- 
sign it is intended that the volume of water 
dealt with either in suction or in delivery 
should just equal the volume of the plunger 
displacement, and it follows that with passages 
of uniform section the rate of flow will depend 
on and vary with the velocity of the plunger. 

A, B, C, Fig. 22, snows on a time base the 
velocity curve of a plunger driven by an 
ordinary crank of definite radius, during the 
suction stroke, and will also represent to 
some scale the varying velocity of the suction 
water. C, D, E is the corresponding velocity 
curve during the delivery stroke, and will 
therefore be a measure of the discharge 
velocity and for short intervals of time of 
the discharge itself. 

If the pump be a single cylinder, single- 
acting machine, the suction velocity will vary 




i 



from zero at A to a maximum at B, falling 
again to zero at C and remaining so during 
the return stroke. On the delivery side there 
is no velocity during the period from A to C, 
after which it begins to rise, reaching a 
maximum at D and thenee falling to zero at E. 

These fluctuations of velocity may be 
modified by the introduction of a duplicate 
pump, drawing from the same suction and 
discharging to the same delivery pipes, but 
driven by a crank set at an angle of 90° with 
the first, the resulting velocities being shown 
by the curve AiFBGCiHD. 


F G H 



(ii.) VariatioTis of Pressure . — Since the flow 
in the suction pipe is dependent on the vary- 
ing velocity of the plunger, the water in that 
pipe must be subject to fluctuations of pressure 
foUowing on the varying accelerations neces- 
sary to maintain contact. These accelerations 
in the flow will be proportional to the piston 
acceleration a at the same instant. TThen the 
pump is driven from a shaft rotating with uni- 
form angular velocity of a? radians per second, 
by a crank of radius r through a connecting 
rod of length the maximum values of the 
acceleration, which are equal ^ to . ?‘(1 ±r/Z), 



Fig. 23. 


occur when the piston is at its inner or outer 
extreme travel positions, that is at the opening 
of the suction and delivery valves. There 
must be sufficient force available at these 
points to produce the required acceleration 
if flow is to take place and separation of the 
water column and piston is to be avoided. 
In addition to the accelerating head there 
is the force necessary to overcome friction 
represented by a head h^. In Fig. 23 (a) the 
^ See “ Kinematics of Machinery,” § (3) (ii.). 
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curve ADC measured from 00^ as base 
shows how Aa varies, -and ABC shows how the 
sum of Ay varies from beginning to end of 

the suction stroke. The mean pressure head 
{h±-hg) available to balance these resisting 
forces is represented by PE, and the intercepts 
between ABC and FE are a measure of the 
pressure head remaining on the. plunger 
during the suction stroke. If at any instant 
Aa-A^ is less than separation and 

knocking will ensue. 


1 the first instance into the air Tessel, and when 
retardation of the plunger takes place and the 
delivery column tends to lose contact vith it, 
discharge is supplied from the air vessel 
(iv.) Air-charging Device , — In addition to the 
proper proportioning of the air vessels arrange- 
ments must be made for their being kept 
adequately charged. The volume of air in the 
delivery air chamber tends to diminish by 
being absorbed into the continually changing 
bodv of water with which it comes into 


The corresponding diagram for the delivery i contact, while the opposite holds good in 
side is shown in Fig, 23 {b). The acceleration A^ i the suction air chamber. In order to equalise 
is represented by ADC and becomes positive I these changes some form of automatic air 
during the latter portion of the stroke. It is pump is necessary, and a simple apparatus 
then diminished by Ay, the resulting curve known as the Wipperman air charger is 
being ABC, and the resisting head is then equal frequently fitted. It is illustrated in Fig. 24 
to Ajj-Ajj-f-Ay. If, therefore, at any instant and consists of a small chamber H coimected 
AtfcAa - Ay separation would result. by a delivery valve d to the air vessel A and 

If separation does occur, impact between by a screw-down valve A, normally open, 


the water column and the plunger will subse- to the pump 
quently take place and pressures many times chamber, while a 
greater than the normal values -will be rcgis- suction valve a 
tered. This would happen during the earlier gives direct open- 
portion of the suction stroke, and if the pressure ing to the air. 
head resulting be -equal to the delivery head, During the out- 
the delivery valve will open and discharge ward stroke of 
take place directly from the suction to the the plunger the 
delivery pipe. It may also occur during the pressure in H 
latter portion of the delivery stroke and the falls to the suc- 
oscilJations set up may cause the pressure tion pressure of 
head in the pump cylinder to fall sufficiently the pump and 
to open the suction valve so that direct the valve a ad- 
dischai^e again results. In either case the j mits additional 
discharge would be greater than the plunger air. On the re- 
displacement and its coefficient be greater tom stroke valve 
'than 1. Even though separation does not a closes and the 



occur, a rise of pressure which is of the nature delivery valve d no. 24. 

of 'Water-hammer takes place at the closing of opens, admitting 

the valves owing to the elasticity of the water j a fresh charge to the air vessel, where a relief 
column and the consequent difference of the | valve prevents overcharging. If necessary, the 


velocities of the two ends of the column. 


air inlet may be connected to the suction air 


(iii.) Air Vessels . — The introduction of air j 
vessels on the suction and delivery sections 
is a means adopted for minimising abnormal 
pressures. During the first portion of the 
suction stroke, when normally the pressure 
behind the plunger is reduced, water flows 
out of the suction air vessel and the ffiow 
through the suction pipe is diminished and the 
acceleration and the frictional resistances are 
accordingly also reduced. The pressure behind 
the plunger available for maintaining contact 
is thus higher on account of the diminished 
resistance and acceleration, and the tendency to 
separate is decreased. During the latter portion 
of the stroke when the plunger is being retarded 
the rise in pressure of the water is damped by 
the surplus flow being absorbed into the air 
vessel- Similarly during the first portion of 
the delivery stroke the delivery column is 
allowed to acquire motion gradually by the 
flow from the pump chamber being pas^ in 


vess^el, where surplus air tends to collect, in- 
stead of to the atmosphere, and is the usual 
method when an air pump is used. 

(v.) Pump Valves . — ^The operations of suction 
and delivery, aus they have been described, have 
implied that the control was by means of 
automatic valves. It has been assumed that 
during suction the inlet control was by a 
valve which opened as a consequence of the 
I displacement of the plunger in one direction 
and closed immediately on the motion being 
reversed ; also that the outlet control was 
CTmilar but opposite in action, being closed 
during the suction stroke by the external 
pressure of the discharge water and opened 
during the succeeding stroke by the excess 
of the pressure in the pump chamber over the 
pr^ure head of the delivery column- For 
low pressures and slow speeds the procedure 
just described is that which is usually adopted. 
The valves are made of rubber or vulcanite 
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discs working against a perforated grid. 
They are retnmed to their seat by the action 
of a ap ring or by reason of their own elasticity 





M3 

C m j 



Fig. 25. 


Fig. 26. 



Fig. 27. 


aided by the pressure of water above them 
and are shown in Fi{js. 25 and 26. In order 
to withstand the high pressures which have 
now become common, 
metallic valves were 
introduced. Examples 
of these are the single 
mitre type shown in 
Fig. 27 and the double- 
seated ring valve in 
Fig. 28. The average 
number of revolutions 
for pumps using these 
types of valves is ap- 
proximately 60 per 
minute. 

The closing of valves 
is accompanied hy a certain amount of shock, 
the violence of which depends on the Idnetio 
energy stored in the valve and in the follow- 
ing mass of water 
at the instant of 
closing. This will 
vary as the lift, as 
the weight, and as 
the velocity of the 
valve. All three 
are functions of the 
diameter, and the 
hft to be fully effect- 
ive should, in the 
case of a ring single- 
seated valve, be equal to one-quarter of the 
diameter. By an increase in the number of 
valves, the diameter, and therefore the lift. 



Fig. 28. 



the weight, and the velocity may be reduced. 
Suitable arrangements are illustrated in Fig. 
29, where (a) shows a quadruple-seated auction 
ring- valve and {b) a three-tier Beehive multiple- 
valve box. 


Where high speeds are necessary for obtain- 
ing the required discharge special valves are 
used which, by their construction, tend to 
modify the shock resulting from 
sudden changes in the direction 
of flow at the valves. Among 
the most successful of these are 
the Haste and Gntermuth types. 

The former is a conical com- 
position valve working on a 
guide stem carried hy the valve 
box, and opening automatically 
to afford a free passage of the 
moving column of water to the 
discharge end of the pump, and is shown in 
Fig. 30a. The Gntermuth metallic flap. Fig. 
30b, is formed from a long strip of sheet 
metal, a portion beiug coiled several times 
round a spindle, with its inner end held in a 
slot. The tension of the flap is adjusted hy 
altering the position of the slot. This form 



Fig. 30A. 



Fig. 30b. 

of valve has considerable advantages over the 
ordinary ring type by reason of its lightness 
and elasticity, being very sensitive and afford- 
ing a free waterway without any abrupt 
changes of direction. A spj'ed of 200 revolu- 
tions has been reached* by pumps-^ using this 
type. 

For stiU higher speeds mechanically operated 
valves are necessary, and 
Fig. 31 shows one unit 
of a Reidler Express 
pump, where the valves 
are worked from a wiist- 
plate driven by an eccen- 
tric on the main shaft. 

The advantages of high 
speed are not confined 





Fig. 31. 


to the reduction in the 
weight and size of the 
pump when compared to 
the slow-speed class, but 
extend to the discharge, 
where, with very high 
lifts, it is of the utmost importance to preserve 
the constant velocity of outflow which follows 
from the greater number of revolutions. 

(vi.) Ffficiencg . — -With reciprocating pumps 
of the latest types of construction, efficiencies 
varying from 80 to 86 per cent may easily 
be obtained, and when the speed of working 
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is low a well - designed pump may have an 
efficiency of 90 per cent. 

§ (36) Speed Variations. — The method of 
equalising the variations in the resistance of 
the pump has already been dealt with. There 
are, in addition, variations in the external 
forces actuating the pump which require con- 
sideration. 

(i.) Direct-driven . — ^When the pump is steam- 
driven it may be directly connected to one 
or more steam cylinders 
by a common piston-rod, 

-Q, 
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H 
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so that the total steam pressure at any in- 
stant is directly transmitted to the water. 
As it is desirable for the saJve of efficiency to 
use the steam expansively, and therefore vith 
varying pressure, the pressure in the pump will 
have a considerable range. On the other hand, 
the resistance of the pump is approximately 
constant, and so it becomes necessary to 
introduce some form of compensator whereby 
sufficient energy is stored during the first 
portion of the stroke to supply the deficiency 
which exists in the second. In Fig. 32 let 
the ordinates measured from 00^ to the curve 
ABCD be the total resultant pressures on the 
driving rod during the outward stroke, and 
ACF the mi^re or less constant water cylinder 
pressures : then the shaded area included 
above AC represents the excess of energy 
requiring to be stored, and the area included 
beneath CF the deficiency which must be 
met in the stroke. The best -known method 
of doing so is by the use of the Worthington 
oscillating cylinders, a diagrammatic arrange- 
ment of which is shown in the upper portion 
of the figure. H and L indicate the high 
and low pressure steam pistons actuating 
the pump plunger P through the rod R. 
To the crosshead E on the extension of R 
are attached rods which operate plungers 
in the pair of oscillating cylinders placed 
symmetrically about the centre line at Q and 
Q^, While the crosshead is moving from 
E to E^ the plungers are displacing water 
from their respective chambers into a differ- 
ential accumulator communicating with an 
air vessel, and work is stored. In traveUing 
from El to Ea the outward displacement of 
the plungers is agisted by the pressure of the 
accumulator, and work is given out. The 
work stored and given out during each stroke 
in the equalising cylinders is adjusted to 
balance the variation in energy above and 
below the mean required in the pump chamber. 


(ii.) Flywheel and Shaft driven . — Another 
class of pumps receive their motion by means 
of a crank from a shaft on which is mounted a 
heavy flywheel, and which is ox>erated directly 
by a steam engine or driven by belt or gearing 
from an electric motor. Here the variations 
of speed and pressure in the prime mover are 
equalised by the action of a prof>erly designed 
Awheel- Such pumps are usually con- 
structed with three pump chamljcrs side by 
side, driven from a common shaft by cranks 
set at 120'^ with each other, and are termed 
three-throw ram plunger 
pumps. The flow in this 
class Is very continuous, 
and the type is largely used 
for boiler feed purposes. 

§ (37) Rot ART Pumps. — 
A pump of the rotary class 
is valuable for use where 
lack of space prevents the 
adoption of an ordinary 
plunger pump. It is valve- 
less, steady in working, 
and its discharge is praeti 
rally continuous. It is 
adapted for working over a large range 
of speeds at comparatively low heads, vith 
widely varying discharge, and is frequently 
adopted for irrigation purposes. Its principal 
disadvantage lies in the difficulty of avoiding 
leakage past the rotating surfaces and the 
consequent loss of efficiency. This type takes 
various forms. One consists of a two-part 
cylindrical casing in which revolve a piston 
wheel and drum, another employs two piston 
wheels. 

The latter is illustrated in Fig. 33 by the 



Fig. 32. 



Fig. 33. 


cross-section of a pump with cycloidal wheels, 
capable of lifting 27,000 gallons of water per 
minute to a height of over 30 feet for irrigating 
rice-fields. 

The right-hand piston rotates counter clock- 
wise and drives the water from the lower to 
the upper part of the ceising : the motion of 
the left-hand piston is clockwise with the 
same result. 

2l 
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An example of the former is the Enke 
pump, shown in F ig. 34, the important feature 
being the non-contact method of arranging 
the piston wheel or displacer and the con- 
troller drum to avoid leakage and to minimise 
wear. The displacer consists of three arms F 
machined to fit 
accurately be- 
tween a segment 
of the casing and 
a fixed drum D. 
It is carried at 
one end by a disc 
keyed to the driv- 
ing shaft, and at 
the other the 
arms are con- 
nected by an 
annular disc 
which revolves 
within a recess in the cover. As the displacer 
revolves the arms fit into recesses in the 
periphery of the controller drum C, causing it 
to turn in another segment of the casing. No 
attempt is made to secure fitted contact 
between the tips of the displacer arms and the 
corresponding recesses, as leakage back of the 
water is sufficiently prevented without it. An 
over-all mechanical efficiency of 80 per cent for 
engine and pump has been obtained with this 
particular form of rotary pump. 

§ (38) CE::rTEiFFGAL Pumps. — In a centrifugal 
pump, pressure energy is imparted to a mass 
of water by the rotation an impeller wheel 
The wheel is formed of a number of curved 
vanes, and revolves in a suitable casing. 
When the wheel is charged with water, its 
rotation produces a forced vortex in the mass 
of the water contained, with a resulting 
increase of pressure in a radial direction 
outward and a tendency to outward flow. 
If the speed of rotation is sufficiently high 
the increase in pressure becomes great 
enough to more than balance the static 
head against which it operates, and flow 
takes place. This has the effect of reducing 
the pressure, thus causing water to rise in 
the suction pipe and enter the wheel at its 
centre. 

When discussing the factors which govern 
the working of such a pump, certain assump- 
tions are usually made. These are that the 
pump runs full, and that every particle of 
water enters the imi>eUer radially without 
any tangential or whirl velocity, and leaves 
with a common velocity in a direction tan- 
gential to the periphery at every point of 
discharge. 

It is possible to establish a relationship 
between the total lift of the water H, that is, 
the difference of level between the surfaces of 
the suction and discharge reservoirs, and its 
whirl velocity w as it leaves the tips of the 


impeller moving with a linear velocity if 
it is assumed that the work done on the pump 
is just equal to the work done by it, and the 
efficiency therefore equal to unity. 

Let Q= volume of water dealt with per second 
in cubic feet, 

W= weight per cubic foot in lbs., 

^ To and r£= outer and inner radius of impeller, 

, Wo and velocity of whirl at Tq and rf, 

1 tij=angiilar velocity of the wheel, 

I U=work done on the water passing through 

! per second in ft. -lbs. 

= change x>er second in its angular momen- 
tum multiplied by its angular velocity 

WQ . \ ii. lu 

= {Woro — WiTijco ft. -lbs., 

9 

and since it is assumed that k'£= 0, while Uo=roW, 
WQ WQ. ^ 

U= — (Woro03)= - (wono). 

9 9 

But the work done by the water =WQH, and since 
this is equal to U, therefore WQ . w’oWo/^=WQH, and 
R^WoUolg. 

All losses due to eddy formation, shock at 
entrance to or exit from the impeller, and 
friction in the passages are equivalent to an 
increase in the head against which pumping 
has to take place, and must he avoided as 
far as possible 
by adopting 
the form of 
vane best 
suited to the 
conditions of 
working. 

(i.) JSIiuck at 
Entry. — To 
avoid shock at 
entry, the 
direction of 
the relative 
velocity of 
water and 
vane must be 
tangential to 
the surface of the vane at the inner edge, as 
shown in Fig. 35 (a), where 

j3=vane angle at entrance, 

«£ = peripheral velocity of vane at entry, 
fi = radial velocity of water at entry 
= Ui tan /3, 

ftv = relative velocity of w^ater and vane 

= +772 

If variations in the speed of the impeller 
occur, the relations expressed above will not 
be maintained, and shock will result. During 
its travel through the wheel passages the 
relative velocity of water and vane remains 
unchanged, hut for the loss taking place in 
overcoming the frictional resistance of the 
sides, and its direction conforms to the curve 
of the vanes. 
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(ii.) Shock at Ejcit. — At exit the water leaves I 
the impeller at an angle which is the angle of 
the vane tip, and its absolute velocity and j 
radial component may be determined bv a i 
velocity diagram, as in Fi/;, 35 (h). " ‘ 

If the mean direction of flow in the casins ! 
can be taken, as has been assumed, tangential j 
to the impeller circle and its velocity r, the ' 
stream discharging from any passage will make f 
with it an angle d, and a loss of energy will j 
result, which may be represented by the | 
equation | 


a, — ft.-lbs. 


per lb. of the discharging stream, ^ 


as made up of two component velocities, one of 
whirl with the wheel and equal to oor; the other 
parallel to the vanes, having a value ty, which is 
the relative velocity of the water and vane. The 
first Corresponds to a rotation in a forced vortex 
with an angular velocity w, and the equation of 
motion for points on the inner and outer tx^ripherv 
of the wheel would be 


W „ , 


-po- 


Pressure difference ) Uo^-uF 

W 2g 2g 

The second component corresponds to an outward 
flow parallel to the vanes, of the same volume, with 
the wheel at rest In this case 


where a and b are constants depending on the 
angle 6 and the ratio m of the volumes of the 
main and discharging streams at their junction. 

(iii.) Loss due to Kinetic Energy of Discharge 
Flow. — The casing surrounding the impeller 
is usually designed to include a volute chamber 
the cross-sectional area of which increases 
uniformly from A to B, as shown in Fig. 36, 


j Pressure difference iiv“ — 

W 

_ /i“ -r U j** ~/o“ COSt^'~ 7 

j The total difference of pressure po-pi-, therefore, 
I between the inner and outer edges of the vanee 
I is given by 


Po-Pi j" cosee- 



Fig. 36- 


and allows a constant velocity of flow v. If 
free discharge, therefore, is permitted to the 
upper reservoir at this velocity, a loss equal 
to the kinetic energy of the discharge stream 
will occur, and have a value of r“/2g ft.-lbs. 
per sec. per lb. of w ater. 

(iv.) Friction Losses in Suction and Delivery 
Pipes. — In addition, the frictional losses due 
to the resistances of the suction and delivery 
pipes, and which are of the nature of those 
already dealt with in pipe flow, require to be 
allowed for. 

It follows, then, that the pressure head H„, 
which must be developed in the pump must 
be greater than the theoretical value H by 
an amount sufficient to cover these losses. 

(v.) Increase of Pressure Head throughout the 
Puytip. — The steps by which the necessary 
increase of pressure is obtained may now be 
examined, as well as any modifications of the 
primary design having for their purpose a 
reduction in the total losses, and therefore of 
the total pressure necessary. 

The actual velocity of a particle of water during 
its passage through the impefler may be regarded 



1 This gain of pressure may he increased if some frac- 
; flon of the kinetic energy ft.-lljs. contained 
j in the water as it leaves the impeller is converted 
! into pressure head m the volute chamber, and would 
equal ft. 

Farther, if the discharge takes place from the vdute 
into a pipe of gradually increasing sectional area, 
the an^e of divergence being in the neighbourhood 
of 5^^, so that the mean velocity of flow r in the 
volute is changed into a discharge pipe velocity of 

fL, the increase of head between the volute and the 
delivery pipe will be given by 

Pd-Pv 

; W 2g 

I and ta approximately equal *85. 

The total difference of jiresaure through the pump 
to the delivery pipe will under these conditions 
equal 

* Pd-Pi ^ «o~ cosec^ 7 -rk ^v 2 

; W 2gr 

(vL) Vortex or Whirlpool Chamber. — Sinw the 
! efficiency of the pump depends very largely on the 
i conversion of the kinetic energy of the water leaving 
i the impeller into pressure energy, many devices have 
j been tried to secure this end. One of these, devised 
I by Professor James Thomson, is the vortex or whiri- 
1 pool chamber, circular and concentric with, but of 
i larger diameter than, the impeller, and introduced 
i between the latter and the vdute. It is shown in 
lower half of Fig. 36. The water on leaving the 
vanes forms approximately a free vortex, and as 
the velocity diminishes towards the outside of the 
chamber the pre^ure increases, ass-nmiug there is no 
eddy losses, thus : 

W * 
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If the ratio between the inner and outer radii of this 
chamber eq^uals C, then rc 'ro=C, and 

Pc- Po l -^“) _ (^o^+/o^)(l-C“) ^ 

W ' 2sf 2g 

Owing to eddy formation the gain in pressure is only 
a fraction fee of this amount, its numerical value 
varying from 4 to -5. The eSectiveness of the device, 
if full advantage of it is desired, is marred by the 
necessity of unduly increasing the over-all dimensions 
of the pump. 

(vii.) Guide Tane^.— Another device intended to 
counteract the tendency to instability of motion and 
the formation of eddies on leaving the impeller con- 
sists in the introduction of fixed guide vanes designed 
to receive without shock the water from the impeller 
and to direct it by diverging passages either into a 
vortex chamber, as just described, or into the volute. 
The upper portion of S'ig. 36 shows the latter arrange- 
ment The angle of entrance of these guides should 
be parallel to the path of the water particle as it 
leav^ the impeller and equal to a {Fig. 35 (h)) if shock 
is to be avoided. When the pump is required to 
work under varying conditions the angle shonld be 
suited to that mavimum efi5ciency. When this 
condition is departed from considerably, the result 
may be that the guides are a source of loss instead 
of a gain in efSciency, It will be seen from Fig. 35 (6) 
that the entrance angle is represented by 


a=tan“ 




«c.“/o cot 7 


It must not be forgotten, however, if the head 
H to be pumped against remains the same, 
that} any decrease of effected by a re- 
duction of the angle y requires an increase 
of the peripheral speed with consequently 
an increase of frictional loss. In practice the 
value of 7 varies from about 15° to 90°, depend- 
ing on the purpose for which it is designed and 
the head against which lift takes place, the 
maximum permissible value increasing with 
the working head. 

Single impeller pumps are used for heads 
between 6 and 100 feet and have an actual 
efficiency of over 75 per cent, and the efficiency 
is well maintained through a fairly large range 
of speeds. The limit set to the maximum 
lift of this pump by the high speed of rotation 
necessary, and the consequently excessive 
frictional and eddy losses which occur, have 
been overcome by the introduction of the 

§ (39) CoMPOiDsD Multiple Chamber Pump. 
— ^This consists of a series of two or more im- 
pellers on the same shaft, each pumping water 
into the central space of the next adjoining, 
with the exception of the last, which pumps 


Since the velocity of the water is at its m ax i mum 
when leaving the impeller, and as only 
a portion of its kinetic energy can be 
recovered though every precaution is 
taken, it follows that the velocity of 
discharge shonld be kept as low as is 
consistent with maintainmg the efficiency 
oi the pmnp. 

E£iciency.—The useful work done by 
a pump per Ib. of water may be taken 
as represented by H-f ft, -lbs., 

where H is the total difference of level 
between the suction and delivery sur- 
faces; Uf is the equivalent of the 
friction loss in the suction and dehveiy 
pipes ; ’ and is the velocity in the 
discharge pipe. The summation of these may be 
termed the equivalent head Hm- The work which 
theoretically must he done per lb. of water when all 
losses are neglected is zcoWo/srft.-lbs., and to this must 
be added L* the sum of all the hydraulic Ic^es, and 
lim that of all the mechanical losses. The efficiency 
Tj of the pnmp is then given by the ratio : 

Useful wo rk done by the pnmp per Ib. of water passing 
Total work done on the pmnp per lb. of water pa s s i n g 
and this is equal to 

Hm 

Tl'oUo + + La)/W Q’ 

Hto 

cot y),g-r{Lm+^h)[^Q 

So fax as this depends on the angle 7, it is 
evident that a reduction of 7 will increase the 
efficiency of the pump, and in addition give 
to the passages a more uniform cross-section. 



Tia. 37. 

directly into the delivery pipe as shown in Fig. 
37. The impeller diameters and vane angles 
are made the same for each chamber, and 
the total lift is equal to the lift of one stage 
multiplied by the number of stages. Lifts 
up to 1500 feet are possible by this arrange- 
ment. Guide vanes are almost invariably 
used with the multiple type, as it is essential 
for efficiency that as far as possible the kinetic 
energy of discharge from each wheel should be 
converted into pressure energy before entering 
the next chamber. In most cases the impellers 
are mounted in pairs back to back, with the 
flow in opposite directions, by which method 
the end thrust which occurs in single-inlet im- 
peller wheels is conveniently neutralised. For 
multiple pumps the impeller vanes are of the 
enclosed type, thereby reducing the leakage of 
water between the pump-case and the vanes. 



517 


HYDRAULICS 


and also the disc friction of rotation. A centri- | 
fugal pump before starting is charged with 1 
water, a foot- valve being provided to" allow of j 
the charge being retained. To enable de- 
livery to begin, the cr^nditions of rotation of 
the wheel must satisfy the e^£uation 

Po -pi _ - iir _ w-f fo - - rr ) 

W ~ 2g ~ 2g 

I 

§ (40) Other Poips. — In the types of ! 
pumps already considered the operating force 
has been applied through the medium of a 
rigid solid, such as a piston or a revolving 
wheel. There is, however, an important grouj> 
where the solid is dispensed mth and a fluid 
in direct contact with the water supplies the 
motive power. This group will now be con- 
sidered. 

§ (41) PuLSOMETEE Steam Pttmps. — TMs 
pump is closely related in fact, though not in 
appearance, to the steam reciprocating pump. 
There is no piston, and the steam which is the 
working fluid acts directly but alternately 
on the surfaces of the water, contained in two 
I>ear-shaped chamhera cast side by side in 
one piece. An oscillating valve common to 
both chambers is placed at the junction of 
their stems, and when the valve admits 
steam to one chamber it closes to the other. 
Under pressure of the steam the water with 
which the chamber has been charged ready 
for starting is forced through a foot-valve 
into the delivery pipe. Condensation of the 
steam remaining takes place, expedited in 
some cases by the injection of a fine water 
spray, and the reduction of pressure which 
ensues closes the steam inlet valve and the 
delivery foot -valve while opening the suction 
valve, and admits water from its inlet opening 
at the bottom for a fresh charge. The same 
cycle of operations takes place in the other 
chamber consequent to the movement of 
the steam valve, so that delivery in one 
chamber synchronises with suction in the 
other. 

The use of this class of pump is limited by 
practical considerations to lifts below about 
100 feet, the most efficient steam pressure 
bemg from 45 to 60 lbs. per square inch, though 
a lift of 170 feet has been attained with steam at 
100 lbs. pressure per square inch. The capacity 
of such pumps based on a lift of 20 feet varies 
with the size from 1000 to 150,000 gallons per 
hour. Its efficiency is not high, but it is a 
useful and cheap appliance for pumping of a 
temporary kind, and it has the great advantage 
of not requiring any provision for fixing, being 
suspended by means of a chain or rope at the 
de^red level 

§ (42) Gas Displacement oe Humphrey 
Gas Pump. — ^The Humphrey gas pump bears 
a similar relationship to a gas engine working 
on the four-stroke cycle as the pulsometer 


does to the steam engine. It is a devek.j)- 
ment in the direction nf utilising the force 
‘^jbtained from the combustion of an ex- 
plosive mixture of gas and air to raise 
water by direct pressure. The action of 
the pump is as follows. At the beginning 
of the power stroke a charge of gas and air, 
compressed between the end of the combustion 
chamber C (Fig. 38) and the column of water 
contained in the delivery pipe D contmuons 
with it, is ignited by electrical spark and 
expands. By this means the water column 
is set in motion, acquiring momentum, and 
part of its contents is discharged. Due to 
the momentum the expansion is continued 
imtil the pressure falls to or below atmospheric, 
when the water valves W connecting to the 
suction tank ST and the exhaust valves E 
open by suction effect, the gas inlet valve I 
being meantime locked shut. Its momentum 
exhausted, the water column oscillates back 
while the products of combustion are dis- 



charged, the exhaust valve remaining open 
until closed by impact, after which compression 
of the remaining air in the combustion space 
takes place. This is followed by another 
expansion, during which the gas inlet opens 
and a fresh combustible charge is taken in, 
while the exhaust valve is locked shut. The 
return oscillation closes the inlet valve and 
compresses the charge until the water column 
is again brought to rest, when ignition takes 
place and the cycle starts afresh. 

If two combustion chambers are provided 
instead of one and the inlet and outlet valves 
of the one alternate with those of the other 
by one complete oscillation, the arrangement 
corresponds to a two-cylinder gas engine and 
the discharge is approximately doubled. 

The pump in either of its forms may be 
adapted to work with a suction lift, and can 
be utilised for operating against a high- 
pressure head by introducing two air vessels 
separated by non-return valves as an integral 
part of the delivery pipe. On test a thermal 
efficiency of 23 per cent has been obtained, 
which is equivalent to a consumption of 
nearly 1 Ih. of anthracite per water-horse- 
power per hour. 
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A set of five pumps of this type, with a 
total estimated capacity of ISO million gallons 
per day and a lift of 30 feet, was constructed 
for the iletropolitan Water Board for use 
at their Chin^ord Reservoir. The rate of 
working approximates to 12 cycles per minute, 
and in each of the larger units 10 tons of water 
are delivered per cycle. 

§ (43) HYDUAtTLic Ram. — T he hydraulic ram 
forms another of this group, the working fluid 
in this case heing water, and use is made, as 
in the gas displacement pump, of the water- 
hammer principle- A valve-box B {Fig. 39) 



is placed in communication with a running 
stream or supply pipe having a small operating 
head. A waste valve w when open permits 
of a flow heing set up under the influence of 
this head until the dynamic pressure on the 
inner side is suflicient to close it. The effect 
of the sudden closure of the valve is to cause 
an increase of pressure great enough to open 
a delivery valve d communicating with a 
delivery pipe D through an air vessel A. A 
portion of the water which escapes is used 
to compress the air in A, and a portion passes 
up the delivery pipe before the momentum of 
the column is absorbed. The pressure in the 
air vessel reacting initiates an impulse in the 
opposite direction, the delivery valve closes, 
and the reduction of pressure in the valve- 
box which results enables the waste valve to 
again open. The normal flow resumes with the 
next oscillation, increasing until the dynamic 
pressure once more closes the valve. By this 
method a low-head large flow is enabled to 
lift a smaller flow through a large head. 

The efficiency of the ram depends on what 
is considered the effective hft of the discharge 
Q. If this is assumed to he the difference be- 
tween the levels of the supply intake H and 
the surface of the storage tank then the 
useful work done is represented by - H), 
wliile the work done on the ram equals g . H 
and 77 = Q . {h^ - where g= water flowing 

past waste valve. 

If, however, the useful lift is regarded 
as then 

Q.Ajj=the useful work done by the 
ram, and 

(Qh(?) . H=the work done on it, and 

The values obtained on the first assumption 


are consistently lower than vith the second, 
hut even on that basis the efficiencies where 
the delivery head does not exceed four times 
the supply head may be as high as 75 per 
cent. For a given supply head the efficiency 
of the ram falls off very rapidly with an 
increase of the delivery head ratio above the 
value Just given. For small diameters of 
supply pipe this type of pump gives excellent 
results, but vith larger sizes trouble is apt to 
arise through excessive shock when the valve 
is suddenly closed- To obviate this some- 
times an air dashpot is fitted to the waste 
valve spindle, hut while effective for this 
purpose it has the disadvantage of low^ering 
the efficiency of the pump, since slowness 
of closing, allowing leakage past the valve 
at the time when the velocity of the waste 
water is at its maximum, means a larger 
proportional loss of energy, compared to the 
whole kinetic energy of the water column. 
The introduction of mechanical regulation of 
the valves enables this type to be successfully 
applied to the pumping of water on a much 
larger scale and against greater heights than 
is possible where automatic valves are used. 

§ (44) Jet Bu^ip. — ^The working fluid in the 
jet pump is also water, hut the principle of 
working is quite different. It is operated 
by the conversion of the high-pressure energy 
of a water supply into kinetic energy, and 
as the velocity is increased the pressure 
diminishes until it may be that a pressure 
less than atmospheric is reached. This is 
effected in the passage of the water through a 
converging nozzle N {Fig, 40), which is 



surrounded by a concentric chamber C 
communicating with the lower reservoir by 
means of a suction pipe. The reduction of 
pressure at the face of the nozzle due to the 
issuing jet induces flow in this pipe which 
combines with the water from the jet and is 
carried forward into a diverging portion of 
the discharge pipe D. There the dynamic 
pressure is partly reconverted into pressure 
energy sufficient to maintain flow against 
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the diseharjie head. The enercy contained 
j)cr lb. of the combined streams is 
Pd!^^ + and must be equal lu H^-the 

losses between the vena crjntracta and the 
delivery surface, where p^, and are the 
pressure, velocity, and head in the deliver}" 
pipe. 

The square of the velocity necessary for 
delivery varies as and is independent of 
the suction head and as the loss of energy 
is proportional to it will also be proportional 

to For a given lift, therefore, the suction ■ 
head should be made as great as possible. j 
_ The useful work done by the pump 
^ ~ The work done on it ; 

— I 

Htf) I 

where and are the quantities from i 
suction and pressure supply respectively, and I 
is the high pressure head. | 

The actual values of ?? reached do not ■ 

exceed 30 per cent, and are usually round ; 
about 25 i^er cent. ! 

This low ediciency may be increased by ' 
substituting for the single - stage impact 
between the streams a multi-stage arrange- i 
ment. By this means the loss of energy due i 
to shock when the high velocity jet meets ; 
the low velocity flow is substanti^y reduced, : 
and the efficiency may be raised to 33 i)er cent. 1 
When the fluid nsed for the high-pressure 
jet is steam the injector becomes the w^ell- 
known locomotive type associated originally 
with the name of Giffard and largely u^ for j 
boiler feed purptDses. 

Another modification may be mentioned 
where the above process is reversed and a 
high-pressure w’ater jet is used to draw away j 
steam from, and to maintain a vacuum in, , 
the exhaust chamber of a steam eng^e. This , 
combination is termed an Ejector Condenser. ! 

§ (45) Atr-lift BuiiP. — The method of rais- ; 
ing water on the aeration principle is another i 
example still of the direct application of a ; 
working fluid, and has found considerable j 
favour during recent years especially as | 
applied to artesian wells. It consists primarily i 
of two pipes, one (A, Fig. 41) having its lower j 
end submerged in the liquid to be raised and : 
its upper end arranged to discharge into a j 
reservoir at the r^uired height, and the j 
other (a) for conveying air from a compressor j 
to a nozzle n, situated in the submerged [ 
opening of the rising main. The air is diffused ■ 
through the water in the uptake pipe and • 
forms a mixture having a low specific gravity, j 
The pressure of the heavier fluid in the 1 
surrounding casing forces the lighter mixture } 
above the supply level and out of the top of j 
the delivery pix>e. The difference of pressure | 
thus obtained determines the height to which | 
the water can be lifted, and will vary with ' 


the depth of submersirm of the pipe. A 
sketch of three alternative forms of the 
arrangement is shown in Fig. 41. 

The air tube may be fitted either concentric 
internally or externally to the uptake pipe 
or parallel to it. To the first (1) of these 
methods the objection is raiser! that it increases 
the frictional resistance to the water flow and 
consequently lowers the efficiency, but it is 
very convenient in the case of a small Iwjre 
hole. The second (2) admits of mure effective 
air distribution which is an essential in this 
type of pump, but where the well is of large 
diameter the system of parallel pipe (3) has 
the advantage of being mrjst readily access- 
ible and very flexible. Broadly sjieiiking, the 



least pressure of air that will give continu- 
ous flow is the proper pressure to use. Its 
approximate value is *65 lb. per square inch 
for each foot of lift from the surface of the 
water. 

The efficiency of this tjq>e of pump is low, 
and reckoned as the ratio of water H.P. 
to the compressor cylinder LH.P. does not 
exceed 45 per cent. If calculated fn>m the 
indicated power of the prime mover not more 
than 30 per cent would probably be registered. 
Against this low efficiency must be set the 
simplicity of the mechanism of the pump, 
its ease in setting up and the immunity it 
possesses from the scouring and choking 
effects of sand or sediment. These latter 
considerations probably account for the revival 
of interest in this ingenious tj^ of pump. 

TTT- The AppucATioif oE Wateb Power to 
Industrial Purposes 

§ (46) The Energy of Stored Water. — ^Tt 
has been seen how snpplies of water can be 
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collected from natural sources and stored, [ 
or made available bv artificial means for the 
purpose of distiibution to satisfy the requii'e- 
ments of the consumer. It is wfith the means 
taken to utilise the power latent in a supply 
that it is now proposed to deal 

The capacity for work of a store of water 
may be made the means of furnishing work- 
ing forces during the descent of the water 
from a higher to a lower level, through a 
properly designed machine, whereby a steady 
motion of that machine may be maintained 
against various resisting forces. If Q be the 
q^uantity of water in cubic feet per second 
available, H the total available head in feet, 
and W the weight of I cubic ft. of water, then 
the Capacity for work or Potential Energy 
of the water = WQH ft. -lbs. per second, and 
this is eq^uivalent to H ft. -lbs. per second 
per lb. of water. The ratio of the useful "work 
done by the water in its descent to the poten- 
tial energy or capacity for work latent in the 
water when stored is termed the efficiency of 
the machine. Machines designed to utilise 
this potential energy are called Hydraulic 
Motors or Prime Movers. The work dene is 
due entirely to the loss of head of the w’ater 
during its descent, but the method of applying 
the energy wiR depend on the type of motor 
selected. In general, it consists of a wheel 
which is caused to rotate either by the weight 
of the descending water or by the dynamic 
pressure arising from a change in direction 
and velocity of the moving stream. Piston 
engines, where the water does work in virtue 
of its static pressure only, form, however, an 
important class. 

When the water entere the wheel at one 
part only of the circumference the machine 
is called a Water- wheel; when it enters the 
entire circumference more or less simultane- 
ously it is called a turbine. For convenience 
it is proposed to classify the various types 
into the three main divisions : (a) water- wheels, 
(b) turbines, and {c) pressure engines, and to 
consider them in that order. 

§ (47) Water-wheels. — ^In this division the 
working force is obtained : 

(i.) By the weight of the water, producing 
rotation as in the overshot and breast wheels ; | 
(ii.) By utilising the kinetie energy of a | 
moving stream as in underahot wheels ; 

(iii.) From the impact of a high velocity 
jet of water as in the Pelton wheel 

(L) Overshot Wheels . — The construction of 
this type of motor, which was very general for 
small powers with heads ranging from 15 to 50 
feet, is very simple and is illustrated in Fig. 42. 

The water is supplied, as near the highest 
point of the wheel as possible, to a series of 
buckets formed of shrouded vanes, and 
escapes when the outer part of the bucket is 
horizontal, which occurs before the lowest 


position of the bucket is reached. The useftil 
head is less than the theoretical head H (a) by 
an amount which depends on this discharge 
position, and (b) by the amount required to 
supply the kinetic energy of the stream. If 
h is equal to the total head thus absorbed, 
then H - /z will represent that available for 



useful work and the efficiency possible is 
=(H-A)/H. 

Maximum efficiency is obtained when the 
peripheral velocity of the wheel is equal to 
one-half the velocity of the inflow water. 
To prevent loss by shock at entrance to the 
buckets the vane angle at the tip should be 
parallel to the relative motion of the water 
and vane there. This angle is usually arranged 
to make 25° to 30° with the tangent to the 
circumference, and as a consequence the bucket 
retains water for a vertical distance nearly 
equal to *8 of the wheel diameter. When 
■working under suitable condition efficiencies 
up to 80 per cent may be obtained. 

(ii.) Breast Wheel . — Where the working head 
ranges between 6 feet and 15 feet the supply 
is admitted to the 
buckets at some 
point situated in 
the breast of the 
wheel {Fig. 43 ). Any 
loss of head due 
to the premature 
escape of the water 
from the buckets PiG. 43. 

becomes propor- 
tionately greater, since the head is less, and 
is prevented by the building of a breast- 
work of masonry -with a minimum clearance 
between it and the wheel Precautions similar 
to those taken in the overshot type are re- 
quired -bo prevent shock at entry, and special 
provision is made of air vents at the inner 
circumference of the wheel to let the air out 
as the water rushes into the buckets. Under 
favourable circumstances an efficiency of 65 
per cent may be reached. 

The Sagdbien wheel is a form of breast 
wheel in which the bucket is replaced by 
long flat vanes, tangential to a circle concentric 
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T^ith the Trheel and making an angle at the 
outer circumference parallel to the relative 
velocity of water and vane as shoA^m in F ig, Al. 
The velocity of rotation is proportional to the 
flow, and the wheel is therefore capable of 
dealing with large variations of supply. Any 
increase of the load, however, has the effect 
of sio'wing down the 
wheel and reducing 
/V \ supply just at 

‘ the time when an 
increase of energ\’ 
I'd- is most requirecL 
Efficiencies up to 
80 per cent have 
Fig. 44. been attained by 

this form. 

(iiL) UrideraTioi and Poncd^Jt Wheda . — ^In 
the undershot wheel adopted for low heads 
of 3 feet and imder, work is done by the 
action of a moving stream impinging against 
a series of radial vanes set round the circum- 
ference of the wheel, the change of momentum 
of the water being a measure of the force 
applied. The wheel dips into the stream, 
the tips of the vanes just clearing the bottom , 
of the channel A maximum efficiency of 
50 per cent is obtained vith a peripheral 
velocity of wheel one-half the velocity of the 
stream, but in practice the effici^cy does not 
reach more than 
J- 35 per cent. 

^ modification 
/ iT j \\ of this wheel is 

— YjU Q- - the Poncekt whed 

I J j {Fig. 45), where 

the vanes instead 
■ Qf being radial are 

y ^5’ inclined backward 

to make an angle 
^ at the tips with 

the circumfer- 
ence. By this 
^ means loss at 

Fig. 45. entrance due to 

shock is avoided, 
while if properly deagned the lo^ of energy 
in the di^harge stream is reduced. 

If fl,-=the absolute velocity erf water at entrance, 
a=the angle which it makes with the tangent 
to the circumference at the tip, 

2 i,-= peripheral velocity of vane tip. 


(а) To amid Shock at Entrance.— Smee r, and Ui 
are completely repr^ented by ab and c& respectively 
{Fig. 45), the relative velocity will be represented 
by oc, and the angle p which it makes vith should 
he that between the vane and the circumference. 

(б) Minimum Loss qf Kinetic Energy to Discharge 
Stream . — ^The relative velocity of water and vane 
on discharge will also make an angle 3 with Uq, and if 
it be assumed that there is no frictional loss in the 
bucket it will have the same value but be opposite 
in direction, and will therefore be represented in 
the figure by ca. Since U 0 is the same as the 


absolute velocity of discharge will be represented 
by Ija, and will be a minimum -when its direction is 
perpf'ndicular to and have a value of Vi sin a. 
In this case r* cos a—’2ui. 

The capacity for work of the water at entrance 
b proportional to 7',“ and the energy transferred to 
the wheel to - 7 */", 


Efiidency = 


r,-f 1 - sin- a) 


a is usually made equal to about 15^ and the 
theoretical efficiency ctf the wheel is 93 l)er cent. 
Again, since tan 3 — - tan a, tl^e value oi 3 ^ -8*2^. 

(iv.) Pelion IVhfM. — By far the most im- 
portant of the class of water- 'wheels is that 
knowm as the Pelton 'wheel, alrac-st invariably 
adopted for heads over 50U feet- It is of a 
purely impulse type. The 'water is supplied 
to one or more nozzles in 'which the potential 
energy measured by the fluid pressure is 
converted into kinetic energy. The issuing 
jet from the nozzles is, directed on to a series 
of buckets fixed round the periphery of the 
wheel In the first stage of its development 
the buckets consisted of fiat jlates, but these 
were later replaced by hen^ispherical cups, 
fixed alternately on each side of the centre 
line of the wheel and concave to the jet, 
whereby the theoretical efficiency of the 'wheel 
■was doubled and made equal to unity. Since 
then the improvements have been mainly in the 
direction of evolving a type of bucket which 
■would bring the practical efficiency ■within a 
reasonable distance of the theoretical one. 

For the cups there has been substituted a 
series of concave buckets fitted "with knife-edge 
ridges so as to split the jet, and ha'ving curved 
surfaces arranged to deflect it to the sides 
of the wheel with as little friction as possible. 
In this maimer the central portitm of the jet 
is used ■with the greatest efiect. 

These improvements have been so successful 
that 'with the designs now in common use 
efficiencies up to 89 per cent are being obtained. 
In addi'tion there is a long range of loads ■within 
which efficiency is well main'tained, ha'ving a 
value of 85 per cent at half load and reaching 
80 per cent at one-third of the normal loading. 

(v.) Kficiency of Pdton Wheel . — This de- 
pends on the velocities of the jet and ■wheel, 
the angle at which the jet s'trikes the bucket, 
and the angle through which it is defl.ected. 

We assume, as a first approximation, that 
the jet is mo'ving tangentially to the ■wheel at 
impact and is deflec'ted through an angle 
which approaches 180°. The modifications 
required if the jet is not tangential will be 
found in books on hydraulics. 

Let u be the velocity of the bucket at the point of 
impact — the centre of the jet, 

V the initial velocity of the jet, 
c the ratio of the relative velocity after impact 
to its value before, 

) y "the angle of deflection of the jet. 
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Then 

Relative velocity before 

impact . . . —v~u, 

Relative velocity after 

impact . . . —c{v—u\ 

Absolute velocity in tan- 
gential direction aiter 
impact , . . =ii-rc(t;— u) CCS 7, 

Change of momentum per 
second per lb. of water 

striking the wheel . =v~ {u-\-c[v—u)cosy\ 

=(v- w)'jl-c cos 7}, 
Work done per lb. per 

9 


Efficiency 


=77 = 


u{v—u){\ — C CCB 7) 
gh 


To find for what value of u the efficiency is 
a raaximuin, assuming c and 7 independent 
of u, we put d7}ldu = 0y whence we obtain v=2u, 
or the velocity of the wheel at the point of 
impact is half that of the jet. 

In this esLse 

-n/v* • V-(l-CCOS7) 1,, . 

Efficiency = — ^ “ 2 ^^ ~ ^ ’ 


since v is the velocity due to a fall through a 
height h. If there be no friction in the buckets 
and the jet is deflected 180°, then c cos 7 = - 1 
and 77 = 1 . In practice the angle of deflection 
is about 160° and the maximum theoretical 
efficiency is about 95 per cent. Other losses 
bring this down to about 85 per cent. 

(vi.) Design of Buckets , — The path of the 
water particle across the bucket is represented 
in Fig. 46 for two positions : (i.) where the 
jet first impinges on the bucket, (ii.) where 



the jet is nearly parallel to the tangent to 
the wheel at the point of impact. 

In (i.) the direction of the relative velcwsity 
at incidence is given by the point of im- 
pact being b. It is shown diagrammatically 
deflected by the curvature of the bucket 
until at c its tangential direction is reversed, 
and it finally leaves the wheel at d, where its 


relative velocity should be parallel to u and 
equal to it if its absolute tangential velocity 
is to be zero. 

In (ii.) the jet strikes the bucket nearly 
parallel to the direction of u and a is approxi- 
mately zero, therefore the relative velocity is 
tangential and in the direction ab. Its direction 
is reversed at c and the full deflection angle is 
completed at d. Eor zero absolute tangential 
velocity at that point =i^r = ^ there- 

fore v=2u. The width of the buckets is from 
three to five times the diameter of the jet, the 
ratio varying inversely as the size of the jet, and 
the ratio of the wheel and jet diameters should 
not be less than 10. The number of the 
buckets should ensure that the jet is con- 
tinuously intercepted, each bucket being in 
action until the one following is in a position 
to receive the jet. 

(vii.) Speed Regulation . — With any con- 
siderable departure from the theoretically 
correct ratio between the velocities of the 
wheel and jet there is a substantial reduction 
in the efficiency, and if the latter is to be 
maintained the means of regulation adopted 
should enable this ratio to be kept as nearly 
constant as possible through wide variations of 
load. There should also be, in response to 
load changes, corresponding changes in the 
quantity of water used, and any retardation 
of the flow in the pipe line when necessary 
must be slow and gradual if dangerous increases 
in the pressure are to be avoided. 

Since the wheel as a prime mover has to 
maintain a constant speed of rotation however 
the load fluctuates, it follows that for the sake 
of efficiency the velocity of the jet must also 
he kept constant. When load is taken off 
therefore the method of regulation should 
consist either of diverting, wholly or partially, 
the jet from the wheel, the total quantity of 
water used remaining the same, or of diminish- 
ing the quantity while stiU keeping the velocity 
of flow constant. 

The means of applying the first of these 
forms of regulation is by swivelling the nozzle, 
which is then fitted with a ball-and-socket 
joint, or by interposing a deflector - plate 
between the nozzle and the wheel and so 
causing the stream partially to miss the 
buckets at part load. Under these conditions 
there is an obvious waste of energy and the 
direct discharge of the jet into the wheelpit 
may prove troublesome, but there are the 
advantages that no sudden rise of pressure 
will occur on change of load, and the flow 
through the supply pipe wiU be constant. 
This method of regulation is seldom adopted 
in its simple form hut frequently as part of 
a combination regulator. 

The use of a simple throttle valve situated 
in the supply pipe to diminish the quantity 
of water with the load would result in varying 
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velocity at the jet and inducing a water- 
hammer effect on partial closing, besides 
causing a loss of energy by the obstruction 
it presented in the pipe. 

The arrangements actually in use are of 
two types : 

(a) Where the nozzles are rectangular a 
portion of the jet may be cut off by a sluice 
slic^g across the oiifice. The nozzle at A 
(Fig. 47) shows the upper side formed by a 



flap hinged at a, jhxed in position by a 
connecting-link attached at h and operated 
from the governor. The hood regulator in 
the example B consists of a q^uadrant pivoted 
at c and worked hy a hand- wheel through a 
rod connected at d. 


I which operates the regulator. When the 
; position of the governor balls changes as a 
consequence of load variaticm a rise or fail of 
j the sleeve E occurs ; there is an angular move- 
ment of the lever EG about G as a centre, a 
displacement of F and therefore rtf the dis- 
tributing valve takes place. Oil under press- 
ure is accordingly allowed to pass to either 
the top or the bottom of the piston, which 
moves ^ correspondingly. In additir.n to its 
action on the regulator this alters the 
position of G, and there is a further 
angular movement of EG, with as its 
centre, which tends to restore F to its mid 
position. When this occurs pressure is cut 
off and the piston comes to rest. The 
mechanism is then in readiness to meet 
any fresh fluctuation r^f speed. This 
arrangement, or some modification it, 
is pmctically standard as a means f(»r 
obtaining power to actuate the regulator. 
There still remains, however, the difficulty 
of applying the methods of regulation in 
such a way as to prevent a rise in pressure 
following a sudden closing of the valve. This 
^^^et in two ways : (1) a^ by-pass vtdve (Fig. 
47 (A)) in the supply pipe is opened tempi >ranly 


(h) The section of a circular jet may be 
partially or wholly reduced, by the endways 
movement of a spear or ne^e regulator, 

\ consisting of a 

needle of tapering 
\ -V section fitted in- 

I j _ r_ ®de the nozzle 

axially with the ' 

■ ^ jet as shown in * 

Fig. 48 . Fig.‘i8. When pro- i 

periy proportioned 

the jet issu^ as a clear and transparent i 
rod more or less hollow hut converging to a ^ 
solid cylinder of water at a short distance | 
from the nozzle. This needle is a feature of | 



practically all regulators now in use. 

The regulator in m<®t cases is worked auto- 
matically from the governor, and the operation 
may be divided into the tw^o stages of obtaining 
the necessary power and applying it With 
high - pressure and large - capacity machines 
the power req^uired to move the regulator, 
if directly connected, would be beyond the 
capacity of an ordinary mechajiical governor. 
Because of this an hydraulic type actuated 
by water pressure was evolved^ but this is 
now generally replaced by an apparatus de- 
pending on oil pressure. The principle on 
which it acts is illustrated diagrammatieallv 
in Fig. 4& — high- and low-pressure oil suppli^, 
A and B, are connected to a chamber C in which 
a distributing valve works ; the valve passages 
commumcate with the opposite ends of a 
cylinder containing a piston, the motion of 


to permit of the passage to waste of the water 
checked by the sudden closure of the regulator ; 
or (2) regulation is secured at first by the use 
of a deflector - plate to divert the jet, and 
afterwards by closing the needle so gradually 
and slowly as to prevent any serious rise of 
pressure. When stable conditions are restored 
the by-pass valve is shut or the deflector is 
swung clear of the jet. 

This method of regulating hy combined 
needle and deflector is the most common of all, 
and the application of the motion of the piston 
to it is shown in Fig. 50. HK is a link pivoted 
at D and K. and carrying a pin at H. This 
I pin works in a ^ot in the end of the needle 
rod NH, and holds the needle r^ulator 1)7 in 
any required position against the pressure of 
a spring S. This spring works in a dashpot 
1 J. On the motion of the piston the point D 
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moves to D^, eatisiixg tlie deflector M to cut into 
the jet, and the link pin slides along the slot 
from H to The pressure of the spring S 
tends to close the needle suddenly, hut its 
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movement is damped by the dashpot fluid so 
that the closure is slow and only continued 
until the end of the slot again bears on the 
pin H. 

(viii) Surge Tank . — the length of the 
supply pipe line is considerable in comparison 
with the total head it may be that the water 
in the pipe line cannot accelerate with sufficient 
rapidity for good governing in the case of a 
sudden demand. This obviously cannot be 
dealt with by the regulator, and a remedy is 
found in the provision of a standpipe or surge 
tank. The standpipe consists of a vertical 
open pipe with its lower end connected to the 
supply pipe near its junction with the prime 
mover ; its height is such that under a static 
pressure equal to that of the supply head the 
water level is a little helow the top. An in- 
crease of pressure at the prime mover, due to 
a sudden closing of the valve, causes the water 
to rise in the standpipe and absorbs the 
kinetic energy of the water column in the 
supply pipe. Any excess produces overflow 
at the top, so that the maximum pressure 
]x>ssible in the supply pipe will be practically 
equal to that of the supply head, together 
with the head equivalent to the energy 
absorbed in the overflow. In the event of a 
sudden demand for more power the water in 
the standpipe, being more easily accelerated, re- 
sponds readily and supplies the additional quan- 
tity required until the water column in the 
main supply pipe has had time to accelerate. 

The larger the area of the standpipe the 
less will be the amplitude of the oscillations 
set up in it, hut mechanical difficulties and 
considerations of cost put a limit on the per- 
missible size. A modification designed to 
effect the same end without the disadvantages 
of very large diameters has been introduced 
in the differential surge tank. It consiste of 
the simple standpipe having a diameter 
approximately equal to that of the supply 
pipe, and communicating at the top with 
a large diameter tank, normally through a 
comparatively small opening A, but in the case 
of an extremely heavy fall in the load, provision 
is made for the water to escape by special 
opening B, and over the top, as shown in 
Fig. 51. 

The improvement lies in the throttling effect 


of the small opening between the upper tank 
and the standpipe. A sudden demand for 
power is met in 
the first instance 
by the water in 
the standpipe 
owing to its easy 
a c c deration, 
and secondly by 
the slower ac- 
celeration which 
takes place in 
the tank. The 
advantage is in- 
dicated in the 
diagram Fig. 

51a, where the 
falls in the sur- 
face level of the 
standpipe water are plotted against intervals 
of time for both simple and differential types. 
The limiting height of standpipes is about 200 



Fig. 51. 





Time /nteruals 
Pig. 51a. 

feet, though there are cases w'here this has 
been exceeded. 

§ (48) Impulse Tijebine ; Girard. — A 
turbine has already been defined as a water- 
wheel to which water is admitted simultane- 
ously at all points of its circumference. There 
is a class which only partly satisfies this 
definition, namely the Impulse Turbine, a 
typical example -being the Girard. It may be 
regarded as a Pelton wheel with multiple jets 
impinging on curved vanes which replace the 
buckets, and having guide passages to serve 
as substitutes for the nozzle. The vanes cause 
a change in the direction of the flow of the 
water and consequently of its momentum 
tangential to the turbine. Thus force is 
exerted and work is done on the turbine 
shaft. 

The pressure of the water throughout the 
wheel remains uniformly equal to that in the 
turbine casing and is usually atmospheric. 
To ensure this the water is prevented from 
filling the space between any two adjacent 
vanes by the introduction of ventfiating holes 
which admit air to the wheel passages and 
confine the stream to the driving side of the 
vanes. 

The general direction of flow may either he 
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parallel to the axis of the shaft or perpendicular ] 
to it, and in the latter case may be radially i 
in’W'ard or more usually outward. Figs, 52 ! 
and 53 are diagrammatic representations of the I 
two divisions. I 

The considerations which influence the | 
design of the bucket in the Pelton wheel hold j 
good in the design of the vanes, and the angles i 
at inlet and outlet are similarly determined, j 
Using the same notation a varies from 12 ^ 1 
with large heads and small volumes to 30" with I 
low heads and large volumes, while the angle ; 
through which the stream is deflected averages ! 
about 135". Since the effective width of the ; 
vane passages diminishes outwards owing to ; 
the curvature of the vanes, the sides are j 
splayed out in the direction of dischaige, the 
final dimension being 2-5 to three times the j 
inlet breadth. ] 


ment is shown in F ig. 54. The inlet is by the 
central curved passage F, and the flow is 
directed by the guide vanes G to the wheel 
vanes X, where its direction oi motion in the 
plane of the wheel is changed, and discharge 
takes place at the outer periphery of the wheel. 

A device known as the Bovden diffuser, to increase 
the efficiency by recovering a portion of the d\Tiainie 
energy of the discharge water, was adopter! for a 
time- It con'iisted of a fixed, casing stnroimdiTig the 
wheel made up of two plate rings, the distance betwee-n 
which increasing radially ontwaid, formed a diverging 
passage. The benefit derived was small and its use 
was abandoned- 

The Foumeyron turbine was employed for 
beads up to 350 feet, and gave an efficiency 
as high as 75 per cent. Owing to the passages 

1 


The best theoretical speed t>f wheel is one- 



Fig. 53. 

half that of the water velocity as it issues 
from the guide passages, but in practice it 
is usually about three-fifths. This type of 
wheel may he used with heads as low as 18 
inches ; in this case it is necessary that the 
wheel should be horizontal in order to avoid 
the relatively large difference of level which 
would exist between the diametrically oppe^te 
vanes of a vertical wheeL With such a low 
operating head an efficiency of 55 per cent | 
mav be reached, hut when working more j 
no rmall y with higher heads, valu^ up to 80 j 
per cent are attained, and even with part j 
loads this efficiency is well maintained. 

§ (49) Peesstjee Teebexes. (L) Foumeyron 
or Outicard Flow Turbine . — ^The first of the 
real class of turbines is the outward radial flow 
reaction wheel invented by Foumeyron in 
1827. By reason of its cheapness and high 
efficiency it largely replaced for a time all 
other forms of water-wheels. The arrange- 



through the wheel being of necessity divergent, 
with a consequent production of eddies, no 
further improvement was possible. A dis- 
advantage of this t3rpe is the difficulty of 
governing. Any increase in the speed of the 
wheel due to a reduction in load increases the 
kinetic energy at discharge, thus lessening the 
discharge pressure head and tending to in- 
crease instead of diminish the flow : a further 
increase of speed therefore results, and govern- 
ing is rendered more difficult. 

(ii) Jonval Turbine.— The Jonval turbine, 
like its prototype the Borda wheel, is of the 
axial flow variety. A radial section shows 
the wheel buckets as rectangular, but the 
vanes which form their radial bounding sur- 
faces usually make an angle of 90° at entrance 
and curve away to a much flatter angle at 
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discharge. It differs from the Borda \rheel 
in being fitted with radial guide vanes which 
direct the pressure water into the buckets, 
and shows a marked improvement not only 
on it but on the Foumeyron machine as well. 
The main advantage lay in the fact that the 
motion of each water particle was confined 
to one tangential plane, and had practically 
no radial velocity. Thus the governing was 
not complicated by pressures due to centri- 
fugal forces. On the other hand, since each 
particle entered the bucket at a nearly uniform 
velocity, and since the linear velocity of the 
entrance points of the bucket vanes varies 
with the distance of the points from the centre 
of rotation, it follows that the vane angle for 
correct design would require to vary with the 
radius. As this cannot conveniently be done 
it is necessary for efficient working either to 
make the radial dim ension of the bucket small 
in comparison with the radius of the wheel or 
else divide it into several parts, each compart- 
ment having its own vane angle. This also 
facilitates speed regulation since the circular 
slide, which on a reduction of load or an in- 
crease of head is made to shut off a number 
of the buckets, does so in sections corresponding 
to the divisions. By this means a fairly high 
part-gate efficiency may be maintained, vary- 
ing from 74 per cent with one out of three 
sections open to 81 per cent with all three 
sections open. 

(iii.) Francis or Inward Flow Wheel . — Just 
as the Foumeyron turl»ine was superseded by 
the Jonval, so" the latter was displaced by the 
Francis inward flow turbine. The Francis 
is directly comparable to the Foumeyron 
with the direction of flow reversed, hut 
possesses many advantages over it. The 
inlet is located" at the outer circumference of 
the runner, as shown in Fig. 55, and a portion 
of the supply head 
at entrance is re- 
tained in pressure 
form to balance the 
centrifugal pressure 
of the water in the 
wheel, being after- 
wards utilised during 
its passage through 
the vanes. As a con- 
PiG. 55 , sequence the velocity 

of inflow of the water 
is considerably less than in machines of the 
impulse t 5 q)e and a lower peripheral speed of 
runner can he adopted, while the hydraulic 
friction losses will he proportionally lessened 
throughout. Apart from ordinary means of 
regulation common to the various types of 
turbine, the inward flow form tends to be- 
come self-regulating as an increase in speed, 
due to diminution of load, causes an increase 
of pressure at entrance and a lessening of 


the velocity of flow. A Francis turbine is 
classified as low pressure when the w’orking 
head is less than 75 feet ; the turbine is 
then installed in an open flume. With heads 
of from 75 to 180 feet, when a circular casing 
is used, it is termed medium pressure. A high- 
pressure turbine employs a head having a 
range of 150 to 550 feet, when it is provided 
with a spiral casing. A very great develop- 
j ment has taken place in the first of these 
classes, especially in the direction of high-speed 
ranners, of which Fig. 56 is a typical example. 
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As an indication of the magnitude of the in- 
stallations now becoming general that of the Lauren- 
tide Co., Quebec, may be cited, where plant con- 
sisting of six units each of 20,000 b.h.p. worldng 
with a head of 76 feet at 120 revolutions per minute 
and having a single vertical runner was laid downo 
in 1915. At the other end of this class may be 
quoted the Chester Municipal power plant operating 
with an average head of 7 feet and consisting of 2 
units of 415 and 305 b.h.p. and speeds of 50 and 55 
revolutions per minute respectively. 

For medium - pressure plants the single- 
runner type seems to he gaining in favour on 
account of the high over- all mechanical efficiency 
obtained. Spiral casings are now being used 
instead of the circular form, and the largest 
output per unit is that of the Tallassee Power 
Co., U.S.A., where 31,000 h.p. is generated 
per runner at a speed of 154 r.p.m. under a 
net head of 180 feet, and having a guaranteed 
efficiency of 90 per cent. 

The Mgh -pressure Francis turbine has of 
late years raised its upper limits and invaded 
the field previously held exclusively by the 
Pel ton wheel. Heads of 500/600 feet are now 
not uncommon, and the maximum reached is 
745 feet. With high heads in order to ensure 
freedom from break-down the axial thrust is 
eliminated where possible by the use of double 
runners operating back to back, when no 
special thrust hearing is required. In the case 
of the single-runner type special balancing 
methods are necessary. 

(iv.) Suction Tubes . — The success of the 
Fiuncis type of turbine has been largely due to 
the use of the suction or draft tube which 
permits the plant to be erected at a convenient 
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height above the rail race without loss of head 
and enables part at least of the energv con- 
tained in the velocity of the water as it ieaves 
the runner to be converted into work. This is 
of the utmost importance in connection with 
high capacity runners where the discharge velo- 
city of the water may represent 15 to 20 per 
cent of the total head, the over-all efficiency 
therefore depending upon its more or less 
complete recovery. The device wliich Ls due 
to Jonval consists in lengthening the dis- 
charge pipe until its lower end is always sub- 
merged in the water of the tail race, the 
surface of which is of course at atmospheric 
pressure. The pressure at the discharge side 
of the turbine blades will therefore be less than 
that at the surface level of the tail race by an 
amount equal to the difference of the static 
head between turbine and tail race and may 
approximate to 25 feet. The area of the 
suction tube at its connection to the tui bine is 
made equal to the discharge area of the runner 
and gradually increases towards the outlet end, 
thereby converting part of the kinetic energy 
of discharge into pressure head. 

(v.) Vortex Turbine . — Reference has been 
made to the spiml casing used in medium and 
high-pressure turbines. This was an improve- 
ment introduced by Professor James Thomson, 
together with a special form of guide vane. 
The water is brought tangentially into the 
large end of the spiral and is then dir^ted by 
the curve of the casing through a series of 
movable guides pivoted near their inner end 
so as t<^ follow the lines of flow in a spiral 
vortex. The guides are so connected by bell 
crank levers and links as to move simultane- 
ously when acted on by the governor, and thus 
shut off water equally from all parts of the 
wheel. As fitted to the modem Francis turbine 
the number of guide vanes, which was formerly 
small, is now nearly equal to the number of 
wheel vanes ; the guides are of a shorter type. 

§ (50) Speed Regxilation. — There are three 
types of construction employed to regulate the 
quantity of water admitt^ to the turbine, 
namely, (a) cylinder 
gate, {b) register gate 
(outside and inside), 
and (c) wicket gate. 
Th^e have as their 
common feature the 
throttling of the 
supply to or of the 
discharge from the wheel, (a) being illustrated 
in Figs. 54 and 59, and (6) and (c) in Figs. 57 
and 58. Both (a) and (b), though simple to 
operate, suffer from the disadvantage that, 
when controiling the inlet, the entering water 
after contraction at the edge of the gate ex- 
pands again to fill the wheel passages. Eddy 
formation and consequent loss of energy ensue. 
In (a) this defect is sometimes^ modified by 


dividing the wheel by ffiaphragm jjlates (Fig. 
54), so that it becomes a multiple w lieel. The 
effects of the gate are thus confined io f»ne 
compartment anrl part -gate efficiencies are 
well maintained. 

Where throttling of the discharge occurs, the 
increase of pressure which results at the exit 




Runner 
Register Gate 

FIG. 57. 


greater loss o£ kinetic energy. The meth(xl 
(c) has practically superseded the others by 
eliminating impact losses and the formation of 
eddies by reducing rffistnictiims t > thea]jpn;ach 
of the water the runner. The wicket gate 
consists of a number iff streamline vanes, each 
pivoted on its own spindle and recei\in!i move- 
ment frorq a regulating ring which it is 
attached by a short connecting link- 

The method of oj^rating the different types 
of regulators is usually by means of servo- 
motom, and has already been discussed in the 
case of the Pelton wheel. 

§ (51) SPEcmc Speed. — The very wide 
variations in the leading characteristics of head 
and flow of the natural water-power resources 
in existence, and the necessity of utilising each 
under its most favourable conditions, have given 
rise to an individuality in the design of turbines 
and made available for further develo^jment a 
great wealth of data. But in order to render 
the information useful for standardisation 
purposes it requires to be based on systematic 
tests and correct design. Consequently a funda- 
mental basis of compariKyn is necessary. 
Now if H = head in feet, P = brake horse- 
power, N= speed in r.p.m., Q~ quantity of 
water in cubic feet per minute, then for any 
i given runner it follows that P varies as H=, 

I Q as Hi, N as Hi 

If Fj, Qj, and Nj are the values obtained 
! when the effective head is equal to unity, then 

! 

i and these values serve to compare turbines of 
j the same^ diameter and design. 

1 With machines of different diameters and 
j operating under different conditions, compari- 
i son is made by means of a factor known as the 
I “ specific spe^” which indicates the sx>eed at 
i which a turbine would run when having an 
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output of 1 b.h.p. under a head of 1 foot. 
Assuming Qi, as above to be the char- 
acteristic values of a runner under a constant 
head of feet, if now the diameter of the 
■wheel and all its other dimensions are varied 
proportionally the variation of and 

may be determmed. 

Thus Pi and Qi are both proportional to D- 
while Xi varies as 1/D. 

Thus if Pi be the output from a wheel of 
diameter Di, D^ the diameter of a wheel which 
develops 1 h-p. is obtained from the equation 

I),= :Di==P.:Pi, orD.= -^- 
since P* = 1 ; 


and since X, : Xi = Di : D„ 

Kr,=Niv'Pi=^f /— .) 

HHV H-7 4/H= 

Where more than one runner per turbine is 
used the output P is that of each runner. 

The use of specific speeds as the basis of 
comparison enables runners of apparently 
different characteristics to be compared and 
development in the direction of the most 
efficient to take place. As a consequence there 
has been evolved a slow-speed type of runner 
using a small quantity of water under a large 
head, and a high-speed type using a large 
quantity of water with a low head, an example 
of the latter being shown m Fig. 

The prevailing tendency in recent years has 
been to increase the specific speeds and to 
develop the high capacity runner, and progress 
has been so marked that the average efficiency 
as obtained from published tests has risen 
during the last twelve years by about 10 per 
cent, and in several low- and medium-pressure 
turbines of the Francis type the measured 
efficiency has exceeded 93 i>er cent for the 
former and 92 per cent for the latter. 


§ (52) Pressube Ttjbbxxe Theory, (i) Relations 
of Vam Angies . — Lict the velocity of the water as it 
leaves the guides be r*, makmg an angle a with the 
tangent to the inlet circumference of the wheel 
{Fig. 5S). Let Ui and Uq be the inlet and outlet 
peripheral velocities of the wheel ; Wi and tCg be the 
corresponding whirl velocities, and fi and fo the 
radial velocities of the water. Then 


fi = tan a =(u?j - 2Z,) . tan 
f. tan a\ 


~fi cosec 

fo=iuo~ico)i^y, 
oi'r =fo cosec 7 , 
and if Wo=(i, then z'o=fo. 

(ii.) Work done in Runner . — 


The initial moment of '\ QW 
momentum J ~ 

The final moment of ) QW 
momentum j “ —^u'oTo. 


The moment on the runner = change of moment of 

momentum 

=~(iciri -WoTo), 

QW 

= WiTi, if tPo=0. 

9 

The work done on runner == moment on wheel 

X angular velocity 
QW QW 

= U'iTica — WiUi 

9 9 

ft.-lbs. per second. 

= ft.-lbs. per lb. of 

^ water. 


In a movmg wheel the energy at entrance = 
work done per lb. of water -f losses through the wheel 
-j-head at discharge. 

If all losses in the wheel are neglected we have by 
the equation of energy 




Pi Vi^ po 

, »o“ 

Willi 



W^2p~W 

^Tg 

+ =H. 

9 

But if 

Wo = 

=0, then Vo=f 

o=/t(ai/ao)=M?ti 

and 





Pi _ Wi^+fi^ po Jo“ . 



W ^ 



9 




_PoJo^ , 

Wi^ 1 

^ tan a\ 



1 

H 

J 

’ 9 ' 

^ tan jS/ 



Po 1 

2g ' 

^tan^ 

' a— -f-2-‘ 
ao- 




-H. 


and 


, 2^(H-(p,/^V)) 

* \ 2(1- (tan a/tan /3))-f (tan a(a£/ao))^. 


/ 2i7(H-(po/W)) 

* tan^N 2(1 — (tana/tan/3))-f (tana(at7«o))"’ 

Since «£ == 2 i?£(l — (tan a/tan /3)), if j8 is increased and 
Ui m ain tained constant, then wi diminishes and more 
eneigy re main s in the pressure form at the inlet to 
the runner. The tendency is therefore to make 
j8=90°. If (H- (j3t,/W))=Hi=available head, then 
with this angle Wi= \ approximately, that is, 
iccjag =13.-^!% and half the available energy is in 
kinetic form and the other ha lf in pressure. 


Theoretical efficiency 


_ ( W Q!g)u'iUi Wi^{ 1 - (tan a/tan j8)) 

WQHi “ 

it:t^(I — (tan a/tan /3)) 

g{wi^l^g) j2(l - (tan a/tan jS)) -f tan^ a .Jai^Jac^)\ 

_ 2(1- (tan a/tan jS)) 

2(1 - (tan a/tan /3)) -i-(tan^ a . {aijaf)^ 

(iii.) Runner Discharge Angle . — If the velocity of 
whirl Wo at discharge be assumed to be 0, the 
following consideration will determine the discharge 
vane angle y ; 

tan yJb^-l^ Wj tail CL oj. 

Uq Uotto Uo * Oq 

Uo=Ui . and if j3 = 90°, then Wi=%u 

. ncLi ^ 

.\ tan 7 = tan a. 

roao 
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If the radial flow is constant Oi=n(,. and therefore 
tan 7=(r,7Vo) . tan a. 

(iv.) Change of Pre^ure through the Run7uer.~Tho 
total difference of pressure between the inlet and the 
outlet circumference of the runner will be equal to 
the change of pressure resulting from the motion of 
the water particle in a forced vortex -ttith an angular 
velocity w added to the change of prchsore due to its 
motion parallel to the vanes with a variable relative 
velocity Thus 

Pi ~ Po ~~ ^o“ ^ i^r~ 

\\ '2g 2/] 

oTV=^/o co^ec"/, <5V=/i cosec 5. 

Pi-Po A ro" \ /o- cc«ec‘^ y -fr cosec- 3 

‘■"W -2g\ 2g 

In inioard flow runners the difference of pressure 
tends to increase as the peripheral velocity of the 
runner increases so that the turlane becomes to 
a certain extent self-governing. This effect will 
increase as the ratio r* : rg increases. When the 
direction of flow is reversed as in the outflow rujiTjer 
the expression pt — po V^ becomes negative and 
increases if a sudden reduction of the load causes 
the speed to increase. The supply of energy, there- 
fore, increases when it is dedrable that it should 
diminish and hunting ensues. This is accentuated 
as the ratio r£ : Tq is made greater. 

The general expressions for efficiency hold good in 
the case of the axkd-floic turbine, excepting that the 
peripheral velocity Ui at inlet equals the jjeiipheral 
velocity tco at outlet sin<^ ri=r^ and there is conse- 
quently no change of preasure due to ceatrifngdi 
actioiL 

§ (53) ]VIo:ex> Flow os Ameeican Type 
Turbine. — t3rpe of turbine which makes no 
claim to special efficiencY, but which has the 
merit of lowness of first cost is iHustrated in 
Fig. 59. The wheel vanes are curved both 
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laterally and axially, the path of the water 
through the runner being approximately the 
quadrmt of a circle. A large discharge area 
is thus secured and the wheel is capable of 
dealing with large volumes of water, but the 
extra depth of wheel required at inlet r^ults 
in a lowering of the part-gate efficiency. A 


higher j>eripheral velocity is generally adopted 
for this type, varying from '7 of the the'trcti''‘al 
velocity of the w^ater with full gate to -6 at 
half-gate for maximum efficiencies. 

A difficulty exists in determining the correct 
inclination of the vane at various discharge 
points as the veiwity of flow* acrf*ss the outlet 
area is not equal. This is due to the frictional 
resistance to flow vaiying as the length of the 
path traced out by the water and to the varx’- 
ing centrifugal pressure induced. It is usual 
in practice to adopt a mean discharge angle on 
the assumption that the outflow is uniform over 
the discharge section. 

The guides are usually fixed and the regula- 
tion is entirely effected by gate or ring sluice. 

The best machines of this type when working 
under their most favourable conditions have 
an efficiency of ahtjut -8 at full gate, when 
they compare quite w’ell with the Francis 
turbine, but are at a decided disadvantage 
when woi king at half -gate, the efficiency falling 
to about ’05. 

§ ^54) Pressure Engines. — The class of 
motor described as pressure or hydraulic 
engines is important where a supply of high- 
: pressure water is available and intermittent 
1 motion at moderate speeds is desired. This 
, is especially the case when the load is more or 
I less constant, though the variation in speed may 
be considerable. Under such conditions the 
reciprocating piston engine is to be preferred 
to any kind of rotary motor. 

The two most successful types which have 
been evolved have three single-acting cylinders 
! set radially, their centre-lines intersecting at 
I an^es of 120°. In one of these the cylinders 
j are fixed and are fitted with tnmk pistons ; the 
I connecting rods act on a single crank pin and 
drive the crank shaft. The outer end of each 
cylinder — ^the power stroke is inwards — can be 
connected alternately to the pressure supply 
and the exhaust through a passage controlled 
by a disc valve which rotates with the crank 
shaft. This is the well-known Brotherhood 
engine, and is shown in Fig. 60. 

In the other type known as the Rigg engine 
the three cylinders are arranged round and 
pivoted on a fixed hollow crank pin A Two 
ports on the surface of A serve to connect the 
cylinders in turn as they rotate to the pressure 
supply and exhaust respectively. The driving 
shaft B of the machine rotates about a centre 
which does not coincide with that of A; the 
distance between these centres gives the throw 
of the crank. 

A disc fixed to the driving shaft carries 
three pins, c,, C,. c„ and the piston rod ends 
are connected to these jffns. The power stroke 
is outwards and occurs as the cylinder rotates 
from D to E. For any position on the semi- 
circle DCaE the force exerted by the piston on 
I a pin such as Cj has a moment in the direction 

2 M 
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of rotation about the centre of the shaft B. j cam shaft relative to the hollow crank shaft in 


The shaft and disc are thus kept in rotation. which it worked caused a cam to vary the 
In their simple form, however, both types crank radius and adapted the volume of the 
labour under the disadvantage that if the load piston displacement to the demand for power, 
is reduced the quantity of pressure water With the Bigg type the eccentricity of the 

fixed crank pin about 



which the cylinders 
revolve relative to the 
driving shaft is capable 
of adjustment. As the 
centres diverge from 
each other the stroke 
increases, its magni- 
tude being twice the 
eccentricity, and if the 
divergence be opposite 
in sign a contrary 
direction of rotation re- 
sults. A supplementary 
engine or servo-motor 
operates the change of 
position of the crank 
pin and is controlled by 


Fig. 60. 


the governor. 


consumed remains constant and the efficiency 
falls at a very rapid rate. For the economical 
transmission of power whilst obtaining power 
control at constant speed or speed control 
with constant power, some method of using the 
water expansively or varying the piston dis- 
placement becomes a necessity. 

Various devices have been tried to overcome 
the difficulty. These include cutting off the 
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high-pressure supply before the end of the 
stroke and using an auxiliary low-pressure 
supply to complete it, and also the use of an 
air chamber similar to that adopted in pumps 
to meet inertia effects. 

The most successful method has been by 
varying the stroke. In the Brotherhood 
engine this was effected for a time by the 
Hastie regulating device, hut was afterwards 
discontinued. In this device the rotation of a 


A full-power efficiency 
of 80 per cent at speeds from 200 to 300 
revolutions per minute has, it is stated, been 
obtained with this type of motor. 

rV. Hydkauuc Teansmissio]j7 of Eitekgy 

A^TD ApPLICATIOI^S 

In the previous sections consideration 
has been given to the methods by which 
a supply of water possessing potential or 
kinetic energy, either inherent or acquired, 
may he made to do work by setting prime 
movers in motion. The motion or force 
so imparted is then usually transmitted 
through trains of mechanism or machines 
to where resistance may be usefully over- 
come. 

There are, however, examples which remain 
to be discussed of the direct application to 
the working machine of the energy of the 
water, and also the very important case 
where advantage is taken of their physical 
properties in order to use fluids as elements 
in a train of mechanism. 

Under all circumstances it is desirable that 
the supply of fluid should be brought to the 
machine with the least possible loss of energy 
and in the most favourable condition for the 
operation to be carried out. 

§ (55) Capacity of a Pipe Line. — The 
energy transmitted through a given pipe fine 
varies directly as the velocity of flow and the 
pressure, but as the frictional resistance of the 
pipe varies as the square of the velocity the 
best conditions for power transmission will 
obviously be low velocities and high pressures. 
Such conditions render the hyc^auHc system 
readily adaptable to machines such as presses, 
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lifts, and cranes in which the motion is 
comparatively slow and intermittent, but 
where the force required to be exerted is 
large. 

The over-all efficiency of hydraulic trans- 
mission, including losses at the central statif>n 
and on conversion into work, is generally 
about 70 per cent, but much will depend on 
the length of the pipe line. In the pipe line 
itself the theoretical efficiency may be deter- 
mined as follows : 

Let pressure at inlet in lbs. per &q. in. 
d — diameter of pipe in feet. 

Z= length of pipe in feet, 
a = area of pipe in sq. ft. 

2 ;= velocity of flow in feet per second. 

\V = weight of 1 cub. ft. of fluid. 

Q= discharge in cubic feet per second, 
hydraulic mean depth. 

Energy entering pipe per sec. 

= H = total pressure x velocity 
=(144 pa)v foot-lbs. 

= -2G2 poL' H.P. 

If h, is the head required to overcome the resist- 
ance to flow of the pipe, W the weight of a cubic 
foot, and Q the discharge in cubic feet per minute 
(see Part 1. § (24) (ii.; and (iii.)), then 

WQ 

Loss of energy per second H.P. 


* 550 
Wau 


H.P. 


EfBciency =7 =• 
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Therefore by substituting 

7 = 1- -635 
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The energy actually transmitted by the 
pipe line 

= -,H 


It will be observed that the conditions for 
high efficiency include : 

(a) A small value of H which may be 
obtained by keeping down the velocity of 
flow and preventing it exceeding, say, 4 feet 
per sec. 

(b) A high value of p and d. A limit is 
put to the range of these factors by the 
consideration that the saving effected by the 
increased efficiency will ultimately be more 
tbfl.n balanced by the additional cost of the 
greater diameter and thickness of pipe line 
required, and by the difficulty of preventing 
leakage at joints. For these reasons p is 
usually limited to 1200 lbs. per sq. in., and 
d to 6 in. Multiple pipes are used where the 
power required is greater than the capacity 
of such a pipe. 




H.P. 


and this will be a maximum if 

when it will have the value 

■483^A^ 

This gives an efficiency under these conditions 
of -66. 

Hydraulic power supply departments have 
been established by many of the large Muni- 
cipal Corporations, the pressures adopted 
varying from 700 to IGOO lbs, per sq. in. The 
winter used is generally from the town's public 
supply, and its initial pressure is in some cases 
utilised to work an intensifying pump by which 
a small jjroportion of the total quantity is 
forced directly into the high-pressure main. 
The remainder is passed to a storage tank, 
from which it is pumped by steam-driven 
pumps into a main pipe feeding the accumu- 
lators which are the reservoirs for the power 
supply. 

For heavy, cumbersome, and slow operations 
such a supply is pre-emmentlv suitable, and 
the system has the merits of cheapness and 
direct applicability without any intricate 
mechanism, and of ease in detecting leakage. 
The principal objections urged against it 
are the trouble with air-iocks and the danger 
of bursting during frosty weather, necessitating 
the draining of cylinders when not in operation 
or external heating at vulnerable points. In 
s;^te of these drawbacks hydraulic transmisrion 
of energy is now extensively adopted. 

§ (56) PiPE-LESTE Appliances. (L) Ac- 
cnmul4jtor8 , — ^Although the supply of energy 
from the pumps is 
designed to equal the 
over-ail demand for 
power over a con- 
siderable interval of 
time, the demand is 
usually intermittent 
owing to the nature of 
the operations which 
the motors atre called 
upon to perform. As 
it is desirable to keep 
the purnj® in con- 
tinuous operation 
some form of storage 
is nec^sary, and the acxjumulator was devised 
by Sir W. G. Armstrong to provide this and 
at the same time to r^ulate the delivery 
pressure. It acts automatically. 

Its general form is illustrated in Fig. 62 


Outlet 



Inlet 


Fig. 62. 
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and consists of a vertical cylinder C with 
inlet and outlet passages at its base. 
Through its cover a ram R passes and 
supports at its upper end an estomal plat- 
form P. From this is suspended a load W 
of some heavy material such as pig-iron or 
iron scrap. 

n L is the displacement of the load 
W, and A is the area in square inches 
of the ram, then the potential energy 
stored in the cylinder when the ram is at 
its upper limiting position is WL ft. -lbs., 
and the working pressure p equals W /A lbs. 
per sq. in. 

(ii.) TweddelVs Differential Accumulator , — 
This is a modification of the above arrange- 
ment whereby high pressures may be main- 
tained by comparatively small loads, but the 
storage capacity is 
low and it is only 
suitable for supply- 
ing single tools. The 
cylinder is inverted 
and movable, as 
shown mFig. 63, and 
carries the load W 
on its external sur- 
face. The ram is 
fixed to the base and 
is of two diameters, 
Dj and D,, where 
it passes through 
glands at top and 
bottom respectively 
of the cylinder. The 
inlet water enters 
where the ram is 
stepped, and if the 
difference of areas is equal to A, then, as 
before, pA=W. If D,-Di is made small 
enough it is possible to obtain high values 
of p for a moderate weight W. 

(iiL) Fre&sure ’ loaded Accumulaiors . — ^These 
are used where it is inconvenient to have a 
heavy dead load. In this case the upper end 
of the ram works in another closed cylinder 
and carries a piston subjected on its upper 
face to steam pressure. Adjustment of the 
relative areas of the piston and plunger, 
together with the iutroduction of a reducing 
valve regulating the pressure of the steam, 
ensures the maintenance of the required 
hydraulic pressure. While the accumulator, 
speaking generally, has a stead3nng effect 
on the pressure, the inertia of the weighted 
type is productive of considerable shock when 
the outward flow of the fluid is suddenly 
stopped. On occasions this may he advan- 
tageous, as for example in a hydraulic riveter 
where the momentary increase of pressure 
may be utilised to effectively clinch the rivet. 
To guard against abnormal pressures from 
this cause a spring-loaded relief valve is often 


introduced, and operates when the pressure 
exceeds the normal value by an arranged 
amount. This precaution is not necessary 
when the load is applied by the action of 
steam pressure. 

(iv.) Intensifiers. — "Where the pressure 
supply from the accumulator is insufScient 
for the working of a particular machine, a 
device known as the 
intensifier is intro- 
duced. A common 
form, as applied to 
testing machines, is 
shown in Fig, 64, 
and is similar to an 
inverted steam ac- 
cumulator. The 
ratio of the areas of 
the piston and ram 
equals A/a, and is 
equal to the ratio 
of the intensifier 
pressure P to the 
pressure supply ^ 

Thus P = piAja) PressurrSmmmmmmmmma 

lbs. per sq. in. ff the ' Fia 64. 

friction F of the 

glands and the weight W of the piston and 
ram are neglected. If these are" taken into 
account 

P =p . — — lbs. per sq. mch. 

This type only operates in one direction, 
and if a continuous supply of high-pressure 
water is required, duplicate intensifiers working 
alternately must be employed. 

§ (57) HYDEATJIJCAinY- DRIVEN MACHINES. 
— ^The direct applications of hydraulic power 
to the working of modem machinery has been 
extensive and varied. Perhaps the most 
successful examples are the modifications of 
the Bramah press as developed in baling 
presses, plate flanging and heavy forging 
machines, aU of which require a slow but 
powerful compression, and may be regarded 
simply as reversed accumulators. The cycle 
of operations in each case may be divided into 
stages : 

(а) An idle stage during which the head is 
brought up to its work. 

(б) An initial compression of the material, 
but full power not developed. 

(c) The completion of the compression under 
full power. 

(d) The sudden stoppage of the head produc- 
ing inertia effects which may be useful in 
certain types of machines. 

(e) The return of the ram to its initial 
position. 

It will be seen that during the first two 
stages the full value of the pressure, if there 
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is only one supply, is not being utilised though ; 
a volume of water equal to the displacement ‘ 
of the ram is used. A loss of effieieney results j 
which is increased if there is only one common j 
mlet and outlet passage to the cylinder, since ; 
this passage requires to be refilled with i 
pressure water at the commencement of each i 
operation. As the quantity of water used ; 
for a given dis- 
placement cannot 
be varied, the only 
alternative is to 
vary the ox)erat- 


ing pressure from 
stage to stage. 

Two different 
methods of effect- 
ing this in the 
case of the Forg- 
ing Press are 
shown. 

(i.) The Forging 
Press. — In the 
Alien press, F ig. 

65, the stages (a) 
and (6) are carried riQ* 

out in connection 

with a low - pressure supply, which is cut 
off when full pressure is required during 
stage (c). Communication is then made 
with a high-pr^sure pump (BGP) working 
withont valves and imparting a to-and-fro 
motion to the connecting column of liquid. 
The inertia of the latter increases the pressure 
at the end of the working stroke. The water 
is then exhausted from the cylinder C and 





Tig. 66. 


the ram and head lifted by steam pressure i 
acting on a piston in the auxiliary cylinder j 
C above. ! 

The other method is illustrated in Fig. 66, ' 


which shows how total pressures of three 
different magnitudes can be obtained by 
the use of a differential ram. Thus when 
the high - pressure water is admitt^ to 
chamber A, a force is available at the 
working head sufficient for stage (a). With 
the pressure supply in communication with 
chamber B, and A cut off, ojieration (b) 
is carried out, while full j>ower is ob- 
tained when both A and B are connected 
with the supply. The head is brought 
hack and the water exhausted by auxiliary 
pistons actuated by a low-pressure supply 
and working in two lifting cylinders C. In 
machines of this type it is i>oasible to use 
supply pipes of comparatively small diameters 
and still maintain a fairly high efficiency. 
This is due to the low speed of operation 
and the consequent small amount of energy 
transmitted- 

(ii.) Fireiers. — The hydraulic riveter is a 
typical example of water power adapted to 
use in machine tools. Portable machines are 
constructed both for lisiht and heavy duties, 
and are of the “ hinged and “ bear ” fr»rms. 
Fig. 67 shows the ordinary “ fiixed-jaw ” 
or “ bear ” type, 
with a pressure 
supply at (a) to 
the main ram 
A which acts 
directly on the 
rivet, and at (b) 
to a central draw- 
back ram B. The 
body of the 
machine is ar- 
ranged to turn 
by means of a 
worm and worm- 
wheel round a 
cast -steel hanger 
C, and to permit 
this a water-tight 
swivel joint is Fig. 67. 

fitted at B. 

ffhe hinged type for use in a restricted space 
is illustrated in Fig. 68, and shows the ram 
and riveting tool at opposite sides of the 
hinge- The drawback ra.m B is here arranged 
eccentrically. 

There is also a cla^ of fixed riveters 
where the work to be riveted is slung and 
movable. A gap suitable for the kind 
of work to be done is left between the 
Jaws, which may be either horizontal or 
vertical. The largest machines are used for 
riveting the seams of marine boiler shells, 
and the gaps may be from 9 to 11 ft. 
The total pr^ure exerted in such a tool 
may be arranged to vary from 25 to 100 
tons with an intermediate stage of 75 tons, 
so that high-pressure water may be saved in 
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the first stages of the operation. A pressure ' 
diagram from the cylinder of a hydraulic 




Fig; 69. 


Fig. 68. 

riveter is shown, in Fig. 69 and illustrates the 
use made of the variable power. During the 
period AE the ram is brought up to its work 
under low pressure, 
and during BC with an 
intermediate pressure 
the rivet head is 
formed. Full power is 
exerted from C to D 
for the closing of the 
plate and the clinch- 
ing of the rivet, the 
latter operation being 
assisted by the rise 
DE, which is an inertia effect consequent 
on the sudden stoppage of the accumulator 
ram. 

§ (58) Hoists and Lifts. — The ordinary 
direct-acting hydraulic hoist is very similar in 
its arrangement to the common type of press, 
but the ram cylinder is sunk in the groimd 
to a depth somewhat greater than the travel 
of the ram which carri^ the platform and 
cage. If only the static load producing direct 
compression is taken into account, the area A 
of ram which would be sufficient to support 
a gross load of W lbs., including useful load 
and weight of platform and rain, when working 
with a supply pressure of p Ihs. per sq. in., 
would equal W jp sq. in. This requires to be 
increased because of the stress induced when 
acceleration takes place, and also because 
of the additional force required to overcome 
friction. It follows then that the area should 
be made equal to {W[l + (£z/^)]/p} +F/p square 
inches, where a is the acceleration and F the 
friction. 

If the travel is great, when the cage is at 
the top position the ram which acts as a 
column becomes liable to buckle and the 
area must be increased to guard against this 
danger. This increase of area involves a 
corresponding greater lifting power if the 


pressure p is retained, and calls for a further 
modification in the design. 

(i.) Balancing of Hoists. 
— Every operation of the 
direct-acting hoist in- 
cludes the lifting of the 
dead load, which is large 
as compared with the use- 
ful load, and the efficiency 
is therefore low. This is 
obviated by some means 
of continuously balancing 
the weight of the ram 
and cage. One method is 
the use of counterbalance 
weights, attached to the 
top of the cage by chains 
or wire cables passing over 
guide puUeys, which fall 
as the cage rises. This 
increases the force necessary to produce 
acceleration, since the mass is thereby in- 
creased, and has the disadvantage that it 
tends to put the upper portion of the ram in 
tension, which would result in the cage crash- 
ing to the top of the lift shaft should a 
fracture occur. 

Another and better arrangement is shown 
in Fig. 70, where the lift cylinder is supplied 
from a balancing cylinder C in which there 
works a hollow ram B. To the interior of 
the latter is admitted a high-pressure water 
supply through the central passage A, and the 
hydraulic pressure on the ram in the balance 
cylinder due to this would be sufficient to 
lift the effective load. To balance the dead 
load the ram may be designed so that an ex- 
tension of it forms 
an external plat- 


N.P. Supply 


form carrying ring 
weights inducing a 
pressure sufficient 
for the dead load. 

The illustration, 
however, shows 
the balancing force 
obtained by super- 
posing an inverted 
cylinder D over the 
plunger-hke exten- 
sion of the ram 
and supplying the 
annulus between 
with water from a 
low-pressure tank. 

During the down 
journey of the lift 
this balance water is returned to its tank 
while the high-pressure water is exhausted to 
waste and forms the only loss. The saving 
thus effected may be as high as 75 per cent. 

Where the displacement required is great, 
as in lifts installed in public buildings, the 
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Fig. 70. 
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suspension type of lift (Fig. 71) is used, and a 
comparatively short stroke of hydraulic ram is 
multiplied to the re- 
quisite travel of the 
cage by means of a 
jigger. 

(ii.) Jigger . — This 
consists of a system 
of puUeys arranged 
in two blocks, the 
upper one (a) fixed 
in position, the lower 
one (b) having the 
motion of the ram. 
The wire rope usually 
employed is pa®ed 
over the sheaves of 
the lower and upper 
blocks alternately, 
and one end being 
fastened to the upper 
block and the other 
led over guide pul 
leys, is attached to 
the top of the cage. 
The multiplying 
factor m or the ratio of the motion of the cage 
to that of the ram is equal to the number 
of ropes supporting the bottom block. The 
load to be carried may be distributed over two 
or more ropes, but the value of m is unaffected- 
(iii.) Balancing of Lifts. — For any great 
degree of efSciency the dead weight of the 
cage must be balanced, and this is done by the 
use of balance weights suspended by wire 
ropes carried over guide pulleys and attached, 
like the lift ropes, to the top of the cage. A 
considerahle variation in the elective wdght 
apart from any change in live load occurs, 
due to the transfer of rope weight from the 
ram to the cage side of the suspending pulleys 
as the cage rises and falls. Two alternative 
methods of halancing this variation are 
shown in Fig. 71. The simplest is where one 
end of a balance chain of length equal to half 
the travel of the lift is fastened midway up 
the shaft and the other end to the bottom 
of the cage. When the cage is at its lowest 
position the weight of the chain is entirely 
carried by the fixed fastening, and, when half- 
way up, equally by shaft wail and cage. The 
weight thus thrown on cage is designed to 
equal the weight of rope transferred to the 
ram side of the guide pulleys. 

If be the weight of the balance chain, 
and tr the weight of the suspending rope in 
pounds per foot run, then in order that the 
dead load shall remain constant 




The other alternative is the use of a water 
column compensator d connected to the bottom 


of the ram cylinder D, as shown in dotted lines. 
When the ram is at its highest position the 
cage is at its lowest and the water-level in 
d is least. As the cage rises and the weight 
of susi>ended rope is diminished water is 
displaced from D to d, and its head decreases 
the effective pressure of the ram in a corre- 
1 sponding degree. 

J If L be the Hft of the cage, Ljm the stroke 
i of the ram, D and d the diameters of the ram 
! and compensator cylinders respectively, then 
j the height h of the compensator will equal 
L/?w(B-/d*), and its balancing head will have a 
total difference of A -f L/m feet. The maximum 
I variation of weight to be balanced will equal 
; icL(l -i-l/m), and from this data the diameter 
1 d may be determined. 

j The suspension system necessitates adequate 
I safeguards against the fracture of a rope, and 
j suffers in comparison with the direct lift 
I owing to the inefficiency of the jigger, the loss 
j varying directly as the value r»f ra, but it is a 
I much more compact and convenient arrange- 
j ment in use. 

! The usual sjieed for lifts, having regard to the 
I comfort of passengers, is about 2 ft. per second, 
j but for express service in America a speed as 
j high as 8 ft. per second is not uncommon. 

I § (59) C*EAKES. — ^The principle of the hoist 
and jigger is extended to the handling and 
I raising of goods by cranes, the cage being 
i replaced by a hook from which the load is 
! suspended. Separate rams and cylinders are 
i employed to effect through jiggers the opera- 
! tions of lifting, slewing, and racking, each 
i under independent con- 
f troL In special ap- 
I pliances, such as the 
; hydraulic coal tip, the 
; combination includes a 
I direct - acting hoist, 

• capable of lifting at the 
i dockside a railway wag- 
I gon weighing 10 to 20 
tons to a height suffi- 
cient to enable its con- 
tents to he discharged 
through a shoot into 
the hold of a vessel 
suitably moored. The 
Tnfl.iT> operation of lifting 
the platform carrying 
the load is by means 
of direct- acting rams, - 
while the operations of 
tipping and working 
the cranes connected 
are all performed by hjdranEc jiggers. 

An important feature in cranes is the 
method adopted where the load varies within 
wide limits in order to economise water at 
light loads. A differential ram of the type 
shown in Fig. 72 is used, high-pressure water 
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l)emg admitted at A. A solid ram r fits inside 
a hollow ram B working in a cylinder C. It is 
arranged that if the load is a fight one R may 
be locked to C by a catch a and the lifting done 
b^’ r. For heavy loads a is released by an 
upward movement of the lever L, r and R 
move together, and the lifting area is then 
that of R. 

§ (60) Hydeattligaijly-beaxed Machines. 
— This class of hydraulic machine is the 
converse of those just described, and has for 
its primary object the rapid but gradual 
absorption of energy from a moving body 
and its dissipation with the least possible 
shock. Its essentials are contained in the 
ordinary dashpot used for damping the 
oscillations of various mechanisms. This 
device consists of a cylinder fitted with a 
piston and rod and filled on either side of the 
piston with water or some more viscous 
fluid and the ends connected together by 
constricted passages. Any displacement of 
the piston is accompanied by a transference 
of the fluid from one end to the other, and 
the rate at which this is effected governs the 
speed of the piston and the vibrations of the 
mechanism to which it is attached. 

A high velocity is imparted to the displaced 
fluid during its flow through the constricted 
passage, and energy is dissipated partiy in 
eddy formation, partly in overc<»Miri5^fluid 


be greater than the volume available on the 
other side by an amount equal to the volume 
of the piston rod when closing, and motion 
would he impossible unless a portion of the 
fluid was allowed to escape from the cylinder. 

(ii.) Gun-recoil Cylinder . — ^Another applica- 
tion is the tension-recoil cylinder for a gun 
illustrated in Fig. 74. Here the annular 
connecting passage p works over a tapered 
circular spindle S fixed longitudinally in the 



cylinder, the area of opening varying with 
the diameter of the spmdle, which fftmsy ut^. , 
as a tail rod to the piston. Since in thatase 
the piston rod is intended to be in tension, the 
absence of a tail rod would tend to produce a 
partial vacuum behind the piston and thereby 
increase the resistance to closing. The piston 
is returned in readiness for another operation 
by springs compressed during the forward 
stroke or by counterbalance weights, though 
with fiLsed structures a supply of pressure water. 




if available, may 
be used. A 
secondary dash- 
pot D is intro- 
duced to damp 
the return oscil- 
lation, the central 


friction, and partiy in overcoming the 
mechanical friction of the device. It is 
usually desirable that the resistance should 
be uniform throughout the piston displace- 
ment, and to ensure this the velocity of flow 
upon which the resistance mainly depends 
must be kept constant. Since the rate of 
displacement diminishes as the moving body 
is gradually brought to rest it is necessary to 
reduce the area of the connecting passage 
proportionally. 

(i.) Buffer Stop . — A typical example of the 
use of this on a large scale is the buffer stop 
for railway work, as shown in Fig. 73. The 
connecting passages are two rectangular slots 
a, cut in the piston and working over tapered 
longitudinal strips of uniform vfidth fitted to 
the cylinder. As the piston is displaced from 
A to B the area of the passages is proportion- 
ately reduced. In this arrangement the piston 
rod is designed to be in compression, and is 
continued through the rear end of the cylinder. 
Without the addition of this tail rod the 
volume of fluid displaced by the piston would 


spindle then act- 
ing as the piston and the escape of the fluid 
taking place along grooves in its surface 
marked g. The general equation of energy 
for this class of machine is as follows : 

A=net effective area of piston in square 
feet, 

a = effective area of passages, 

L= length of piston displacement in feet, 

Z— length of connecting passages, 
a and velocities of fluid through passages and 
of moving body respectively, 

W7AL= weight of fluid displaced, 

W = weight of moving body. 

Work done in bringing body to rest = — — 

=Kinetic energy imparted to fluid 

-{-energy spent in overcoming fluid friction 
-f energy spent in overcoming mechanical 
resistance F ; 
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§ (61) Dy^SiAMOMeter.^ — ^TM s braking mech- 
anism serves not only the purpose of absorbing, 
but also of measuring the energy available 
at a rotating shaft. The standard Froude 
arrangement illustrated in Fig. 75 consists 
of a disc wheel A rigidly connected to the 
revolving shaft, and has a series of curved re- 
cesses or pockets E on both faces. The recesses 
are semi- cylindrical, with the dividing walls F 
contained by planes making an angle of 45° 
with the axis of the shaft and inclined forwards 
in the direction of motion. The casing B is 
moimted on, but free to rotate about, the 
shaft D and has, on its inner faces, pockets 
which are the complement of those in the 
disc. Water under pressure is led through 
the inlet G* passing by ducts H in the dividing 
walls to the clearance space betw^n the two 
sets of pockets, and thence into the pockets, 
where a vortex motion of the water particles 
is set up. The water is thus projected from 
the outer periphery of the impeller to that of 


I inlet valves, so that a constant moment is 
j preserved. If the speed of the shaft increases, 

; causing an increased moment on the impeller, 
the easing receives a slight displacement, and 
i this is made to close the inlet and open the 
I outlet valves. This reduces the mass of water 
1 in. the brake and, consequently, the moment 
1 of the casing. Oscillations due to variations 
I of speed are damped out by a dashi>ot D 
: connected to the brake arm. 

I § (62) Hydraulic Transformers. — The 
possibility of using hydraulic elements effi- 
! ciently in a train of mechanism has lately 
I claimed considerable attention. The fluid is 
! not regarded as possessing energy, but is 
j viewed, like belting or gearing, simply as a 
I means of transmitting it. I>evelopment has 
taken place in two distinct directions : 

(a) The earlier and the commoner is based 
on the continuous flow or motion of a fluid 
1 column as a whole, and assumes the more or 
1 less comjjlete incompressibility of the fluid, and 




the casing pocket and guided by its semi- j 
circular boundary back to the impeller. The ; 
clearance between the disc and the casing » 
allows of a small escape of water from the 
pockets to the chamber C, the amount being j 
controlled by the outlet valve- The c h a ng e j 
in the moment of momentum of the water j 
about the shaft, which occurs as it pass^ j 
from the impeUer to the casing pockets, I 
produces a moment acting on the caang equal ^ 
to the moment in the shaft. This moment is 
balanced and the casing kept stationary by ; 
the moment of an external force acting on an , 
arm projecting from the casing, and at right j 
angles to the shaft. The magnitude of this 
moment is easily measured, and the energy 
absorbed per minute by the brake is equal to 
2x X measured moment (ft--ll«-) x revolutions 
per minute of the shaft. 

The external force conMsts of balance | 
weights applied at the extremity of the arm, ! 
together with a rider weight sliding along the j 
scale marked on the arm. I 

The brake is regulated automatically by i 
having the casing connected to the outlet and | 
1 See also article on DyBaiiiometers.” 1 


ib) the other depends upon the elasticity 
of the fluid, and utiUses its resilience to propa- 
gate pressure waves and thus transmit energy 
from the generator to the point where force is 
to be applied- 

Either system requires as essential elements 
a pump to impart energy to the fluid and a 
motor to transform it into work. 

§ (63) Transmission by Fluid Motion. 
Hydraulic Jack. — This well - known machine 
may be taken as the simplest and oldest 
example of the hydraulic transformer, and is 
shown in Fig. 76. A plunger working in a 
pump chamber C, and operated by the re- 
ciprocation of a hand lever A, pumps water 
from a reservoir B, through suction and delivery 
valves Vg and into the ram cylinder D. 
The ram forms at its lower end the base upon 
which the jack stands. Leakage between 
the ram and its cylinder is prevented by a 
cup leather which makes a water-tight joint 
between them. The weight is carried either 
centrally on the top cover' or eccentrically by 
a projecting claw near the ba^, and is lifted 
by the displacement effected by the water 
pumped inio the ram cylinder. Any accumu- 
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lation of air is removed through a small hole 
in the cover normallv Med by a screw plug. 
Should the proper lift be exceeded water 
escapes through the opening 0, and lowering 
is effected by means of 
a screw-in valve L 
which allows com- 

A 1 

munication between 
the reservoir and the 
ram cylinder. The ele- 
ments accordingly are 
a simple force pump 
and an accumulator. 

If I and L be the 
distances of plunger 
and lever handle from 
the centre of oscillation, 
a and A be the areas 
in square inches of the 
plunger and ram, and 
P/W be the ratio of the 
force exerted to the 
weight lifted, then 
P/W=?a/LA 
The efficiency de- 
pends largely on the 
method of loading, the 
frictional losses being 
much greater when the 
machine is eccentrically 
loaded. These losses 
being largely mechani- 
cal, and not hydraulic, do not increase pro- 
portionately to the load, and hence large 
machines are more efficient than small ones. 

§ (64) CoaiPAGXE Hydraulic Gear and 
Hele-Shaw Pump. — ^An interesting applica- 
tion of energy transmission is the reducing 
gear of motor - car and other engines. A 
successful example is the Compagne Hydraulic 
Gear, which has as its important feature the 
well-known Hele-Shaw pump with variable 
stroke. The pump, which is driven by the 
prime mover, takes water or oil from a supply 
tank and delivers it with added pressure and 
kinetic energy to a hydraulic motor of the 
constant-stroke type, keyed to a secondary 
shaft. By varying the stroke of the pump 
while maintaining the speed, the discharge 
may be made to vary, and as a consequence 
the speed of the motor and its shaft. 

The principle of the pump, which is of the 
rotary-plunger class, is similar to hut the 
reverse of the Rigg engine, and is illustrated 
in Fig. 77, Multiple cylinders A with their 
axes set radially form a monobloc which is 
coupled directly to the engine shaft. The 
plungers C working in the cylinders carry 
gudgeon pms D which engage in and are guided 



by grooves in a floating ring F which is mounted 
on ball-bearings and rotates in a housing G. 
The housing is capable of a transverse motion 
across the easing, so that the axis about which 
the ring rotates may either coincide with 
that of the engine shaft or be eccentric to 
right or left of it. The stroke of each plunger 
with respect to its cylinder is equal to twice 
this eccentricity, and changes its relative 



direction when the axis of the ring passes 
through the concentric position. This results 
in a reversal in the direction of the flow 
without an alteration in the direction of 
rotation, of the prime mover, and the change 
from full forward to full reverse discharge 
is made gradually and without shock. The 
working fluid is led to the cylinders by ports 
in a fixed stub-axle B which fits into the 
hollow end of the engine shaft, and is con- 
trolled by a circular rotary valve. It is drawn 
from the supply tank during the outward 
or suction stroke of the plunger through the 
passage H, and by this arrangement the effect 
of centrifugal force is to reinforce the supply 
pressure and thus prevent separation of fluid 
and plunger at high speeds. The interior of 
the floating ring is always flooded with the 
fluid, but the space between it and the casing 
is kept carefully drained to minimise disc 
friction. The friction of the gudgeon pins 



in their guides being greater than the resistance 
between the housing and the ring ball-bearings, 
causes the ring to revolve with the cylinders. 
This is an essential feature in the high efficiency 
of the pump, the frictional resistance being 
thus reduced to a minimum. 

Discharge takes place through the passages 
K to the hydraulic motor, which is of similar 
construction to the pump, but of the constant- 
stroke type, and works inversely. It is coupled 
directly to the driving-wheel axle, and is 
illustrated in Fig. 78. Instead of the floating 
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cage a cam K is used as a track or guide for 
the ball-bearing rollers H carried by the 
gudgeon pins D, and it is designed so that each 
plunger makes two strokes per revolution. 

The over-all ejBficiency of a pump and motor 
transmitting 37 horse-power is stated to 
range from 75 to 85 per cent. The pump had 
a constant speed of 770 revolutions, and the 
variation in the speed of the motor is given 
as from 50 to 170 revolutions per minute. It 
seems likely that the advantages of a continu- 
ous-variable gear of this class will be better 
realised in connection with the transport of 
heavy loads in the future. 

§ (65) Fottinger Geas. — W here the energy 
to be transmitted and the speed of working are 
of much greater magnitudes, a suitable form 
of hydraulic transformer is the Fottinger gear. 
Such conditions obtain in the case of the power : 
plant for ship propulsion, where there exists ' 
the necessity for a high speed of turbine shaft 

together vith 
a low speed of | 
propeller shaft , 
ip order to | 
secure the j 
maximum | 
efficiency of j 
both. This in- | 
volves some j 
system of j 
speed reduc- ' 
tion, which in j 
the case of I 
slow - moving I 
steamers may I 
be as great ! 
as 20 to 1, and for fast boats 6 to 1. It ! 
is in connection with the latter ratios that i 
hydraulic transformers have been found suit- ■ 
able. The arrangement {Fig, 79) consists of ' 
an impeller wheel A keyed to the after end j 
of the primary power shaft, and a two-stage | 
rotor wheel R mounted on the propeller 
shaft. The water passages of the impeller 
and rotor wheels, with the addition of a 
short length C of guide passage which is 
attached to the casing, form a closed circuit 
and are filled throughout with water. The 
rotation of the primary shaft sets up a pressure 
difference between the inlet and outlet of the 
impeller A as in a centrifugal pump, and flow 
is induced in the circuit. Part of the energy 
thus given to the water is absorbed by the 
motor in its first stage B. The water is then 
guided by the fixed passages G towards the 
second stage D, from whence it discharges into 
the iolet of the impeller A and the cycle is 
repeated. By a suitable design of the vanes 
the rate of flow through the rotor is very much 
less than in the impeller, and the speed of 
the secondary shaft thereby adapted to the 
efficient working of the propeller. The trans- 



Fig. 79. 


former is supplied with water at X from a low- 
pressure supply tank for the purpose of making 
good any leakage from the wheels. 

WTiere reversing requires to be provided 
for, a go-astem transformer RTTnilnr to that 
described is incorporated, and the water of 
the transformer not in use is emptied into a 
drain tank, from which it is delivered by means 
of a small centrifugal pump into the supply 
tank. A manceuvring valve of the balanced 
piston type controls the opening to this tank 
of the transformer in action and to the drain 
tank of the other, simultaneously. The 
transmission ratio remains constant at all 
speeds, and a reduction of 6 to 1 has been 
successfully applied, the eneigy transmitted 
being 25,000 horse-power, and the efficiency 
stated to be 90 per cent. 

§ (66) TRAXSiOSSION BY WaVE MoTION.— 
With this system energy is transmitted from 
one point to another, which may be at a con- 
siderable distance, by means of impressed 
periodic variations of pressure producing 
longitudinal vibrations in a fluid column. The 
characteristics are analogous to those existing 
when a valve is suddenly closed in a long pijie 
line cont aining water in motion, and waves of 
alternate pressure and rarefaction are propa- 
gated throughout the length of the pipe. 
Where the principle is utilised for the trans- 
mission of energy, the pressure wave is initi- 
ated in the fluid by the outward stroke of a 
pump plunger operated by a prime mover or 
generator. The displacement of the plunger 
is resisted by the inertia of the fluid, a change 
of pressure occurs, and a pressure wave travels 
along the column; elastic deformation takes 
place and resOicsnt eneigy is stored. At the 
distant or outlet end a motor of equal capacity 
and similar dimensions to those of the pump 
absorte the energy contained in the fluid, and 
if all fictional losses are assumed to be 
negligible the motor plunger has a displace- 
maot equal to that of the pump. The return 
stroke of the pump is similarly followed by a 
wave of negative pressure or rarefaction, 
which on reaching the motor induces the reverse 
motion of the plunger. If properly synchron- 
ised, the further motions of the pump are 
followed by corresponding movements in the 
motor, and the energy available at the latter 
will be equal to the power of the pump 
diminished by the fluid friction in the pipe 
line and the resistance of the mechanical 
elements. The displacement volume of the 
plungers does not exceed the elastic volumetric 
deformation of the fluid, and the stroke is 
accordingly small. To enable, therefore, any 
considerable energy to be transmitted, the 
number of strokes per second is made large, 
and a typical 10-horse-power generator rotates 
at a speed of 2400 revolutions per minute, 
giving 40 wave impulses per second to a 
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plunder of diameter and in. stroke, 

the length of the pipe line being 240 ft. The 
maximum pressure reached under these 
conditions is 1500 lbs. and the mean about 
750 lbs. per sq^. in. The presence of air in 
the pipe line creates surges and fluctuating 
pressures, and valves for the release of air are 
provided both at the pump and the motor. 

A capacity chamber communicating with 
the main pipe, filled with water and fitted 
near the pump, acts in a similar manner to the 
air-vessel in an ordinary reciprocating pump 
and equalises the pressure. Before starting, 
the pipe line is charged by an auxiliary water- 
pump, if a gravity feed is not available, to an 
initial pressure of about 100 Ihs. per sq. in. 
Any free air in the system is allowed to escape, 
and the pump, driven by an electric or other 
convenient generator, is then started up. 

Fig. 80 shows the arrangement of a portable 
duplex pump driven from a generator shaft 
developing 10 horse-power at 40 cycles per 
second. Two capacity chambers B, with a 


I specially designed for the relatively high 
1 alternating pressures. 

The system described is that devised 
by Hr. G. Const antinesco, who first utilised 
the principle to procure synchronisation of 




Fig. 81 . 

machine-gun fire with the revolutions of 
aeroplane propellers by means of his C-C. 
Interrupter Gear, which enabled 2000 shots 
per minute to be fired between the blades of 
a propeller revolving at a high speed without 
the danger of the blades being struck. For 
the system as a means of power 
transmission are claimed the merits* 
of great flexibility and perfect safety, 
while its efficiency is stated to 
greatly exceed that of compressed 
air or electricity. Its application on 
a practical scale is at present being 
demonstrated, and may be readily 
expected to yield important results. 


Fig. 80. 

communicating passage P to equalise pressures, 
are fitted. 


Hwdeogen, Characteeistic Con- 
stants OF, tabulated. See 
“Thermal Expansion,” § (14) 

(hi.)* 

Hydrogen, Separation from 
Water-gas. See “ Gases, Lique- 
faction of,” § (2). 

Hydrogen, Specific Heats of, 
tabulated values obtained by 
Scheel and Heuse. See “ Calori- 
metry, Electrical Methods of,” 
§ (15), Table IX. 

Hydrogen, used as Thermometric 
Substance. See “ Thermodynamics,” 


The motor may be similar to the pump 
but working inversely, or the energy may be 
taken off at various points along the pipe 
line by motors specially adapted to the tools 
to be operated. 

It is obvious that in long pipe lines flexibility 
and the prevention of leakage of the fluid are 
factors of vital importance, and Fig. 81 shows 
a sectional view of the piping which has been 


§{ 4 ). 

Hydrogen Scale of Temperature, Xormal, 
represented by a set of verre dur thermo- 
meters at the International Bureau, the 
international standard of temperature. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (30). 

Hydroplane. See “Ship Resistance and 
Propulsion,” § (35). 
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Ifp Chaet, representation of action of ideal 
vapour compression refrigerating machine 
on. See “ Refrigeration/' § (3). 

Ice, Density or, at 0' C., tabulated values 
assembled by Roth for the determination of 
a value for use in calculating the latent heat 
of fusion. See “Latent Heat,” § (15), 
Table IX. 

Ice, Latent Heat of Fusion of : 

Determined by A. \T. Smith by the Electrical 
Method. See “ Latent Heat,'’ § (16). 
Determined by means of the Ice-calorimeter. 
See ibid. § (15). 

Determined by Regnault by the “ Method 
of 3^Ii3:tures.” See ibid. § (14) (L). 
Determined by various observers and 
tabulated. See ibid. § (17), Table X. 
Investigated by Black in 1762 and by 
Lavoisier and Laplace in 17 SO. See 

ibid. § (13). 

Variation with Temperature of. See 
ibid. § (18). 

Ice-point on the Kelvin THEEMODYNAinc 
Scale, Determination of. See Tempera- 
ture, i^alisation of Absolute Scale of,” § (21). 

Ideal Gas : Entropy, Energy, Total Heat, 
AND OTHER PROPERTIES OF. See “ Thermo- 
dynamics,” § (57). 

Ignition Point, Determination op. See 
“ Flash-point Determination,” § (6). 

Image, Effect of Size of, on Indications of 
Radiation Pyrometer. See “ Pyrometry, | 
Total Radiation,” § (14) (iL). 

Impact and Notched Bar Testing. See 
“ Elastic Constants, Determination of.” 
The Charpy Method. § (98). 

Dimensions of Standard Test-piee^. | ( 102). 
Effect of V ariation of the Angle of the Notch 
of the Test -piece. § (103). 

Effect of Variation of Root Radius and 
Depth of Notch of the Test-piece. § (104). 
Effect of Size of Specimen on the R^Kfults 
obtained- § (109). 

Effect of Variation of Striking Velocity on 
the Eneigy to Fracture. § (107). 
Experiments by Izod, Stanton and Bairstow, 
Harbord, and Progress of Impact Test- 
ing in Britain- § (99). 

General Consideiations and Methods of 
Test. §§ (98)-(101). 

Results of Izod Tests on Materials Correctly 
and Incorrectly Heat Treated- § (101), 
Table 32. 

Slow Bending Tests on Notched Bars. 
§ ( 108 ). 

Tests at Varying Temperatures. § (119). 
Tests under Repeated Bending Impact. 
§ ( 111 )- 

Use of Round Test-pieces. § (105). 


I 

Impact Tests : 

On Screw Threads — Results with Different 
Ftjurns of Thread. See Elastic Con- 
i' slants, Determination of,'’ § (41). 

I On Unnotched Bars. See ibid. § (HO). 

1 Impulse Turbines : 

I Hydraulic. See “ HydrauHes,” ILL § (45). 
Steam. See “ Turbine, Development of the 
Steam,” § (2) ; “ Steam Turbine, Physics 
of the/' II (10), (15). 

! Inclined Plane. See “Mechanical Powers,” 

i 5 (!)• 

j Index Law in Flod Re^^istance. See 
j Friction,” §§ (13), (17). 

j Indicated Thermal Efficiency. See 

; “ Petrc;I Engine, The Water-cooled,” § (2). 

] Indicator, Hopkinson’s Optical. See 

I “ Pressure, ^leasurement of/’ (19). 

I Indicator Diagram, Watt’s. A curve show- 
! ing the relation between the volume and 
i the pressure of a substance undergoing 
• thermodynamic change. See ” Thermo- 
I dynamics,” ^ (11). 

Indicators, Steam-engine. See “ Pressure, 
Measurement of,’’ § (18). 

Injectors and Ejectors : 

Gaseous Stream. See ‘‘ Air-pumps,” § (27). 
Liquid Stream. See “ Air-pumps,” § (30). 
Instabiutt, Failure of Structures due 
TO. See “ Dynamical Similarity, The Prin- 
ciples of,” § (45). 

Instantaneous Centres of Points in a 
Mechanism. See “ Kinematies of Machin- 
eiy/' § (5). 

Intensifiers, Hydraulic. See “ Hydraulics,'’ 

§ (56) (iv). 

Internal Combustion Engines : 

Losses in. See “ Engines, Thermodynamics 
of Internal Combustion,” § (55). 

I Loss of Heat to Walls during Explosion 
I and Expansion. See ibid. § (56). 
j “ Mixtures ” for- See ibid. § (26). 

: Internal Energy of a Body. See “ Thermo- 
j dynamics/’ §§ (10), (12), and (30). 

! Internal Pressure Correction to a 
I Thermometer. See “ Thermometry,” § (3) 

! (ii.)- 

! Involitte Teeth. See “ Kinematics of 
i Machinery,” § (9). 

I iNWARD-FiiOW Turbines (Hydraulic). See 
“ Hydraulics,” IIL § (49) (iiL). 

I Iron * Oxide, Emissivity of, determined 
' by optical pyrometer. See “ Pyrometry, 
j Optical,” § (18). 

IsENTBOPic Change. A change in the press- 
ure volume and temperature of a body 
carried out reversibly in such a way that the 
entropy of the body remains constant. See 
“ Thermodynamics,” § (24). 
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IsopENTAXE, Critical Isotherm or: value 
of pressure (1) calculated by DietericTs 
second equation and (2) observed, tabulated 
against the volume. See Thermal Expan- 
sion,” § (21). 

Isothermal Change. A change in the 
volume and pressure of a body carried out 
reversibly in such a way that no change 


Jack, Hydraulic. See “ Hydi*aulics,” § (63) 
(i.). 

Jaquerod and Perrot, 1905, comparison of 
gas-thermometer with secondary standards 
of temperature in range 500° to 1600°. See 
“ Temperature, Realisation' of Absolute 
Scale of,” § (39) (xii.). 

Jet Propeller for Ships. See “ Ship 
Resistance and Propulsion,” § (52). 

Jets, Theory of. See “Steam Engine, 
Theory of,” § (12). 

Jigger for Hydraulic Lifts. See 
“ Hydraulics,” § (58) (iL). 

Joule : 

Equivalent. See “ Mechanical Equivalent 
of Heat,” § (2). 


in the temperature of the body is allowed 
to occur. See “ Thermod\mamics,” § (16); 
“ Engines, Thermodynamics of Internal 
Combustion,” § (3). 

Lsotropic Materials : a name given to 
substances which exhibit similar properties 
in all directions. See “ Elasticity, Theory 
of,” § (4). 


Experiments on Mechanical Equivalent of 
Heat. See ibid. § (2). 

Joule-Thomson Effect. See “ Gases, Lique- 
faction of,” § (1) ; “ Thermodynamics,” 

§§ (12), (43), (50), (57). 

Joule-Thomson Effect, Inversion of. See 
“Thermodynamics,” § (50). 

Joule - Thomson Equation : a thermo- 
dynamic equation, providing an additional 
method of testing a gas equation. See 
“ Thermal Expansion,” § (23). 

Joule - unit op Work. See “ Mechanical 
Equivalent of Heat,” § (3). 

Joule’s Law. See “ Engines, Thermo- 
dynamics of Internal Combustion,” § (16). 

Joy’s Valve Gear, Velocity Diagrams 
for. See “ Kinematics of Machinery,” 
§ (4) (iil). 


K 


Kelvin Double Bridge ^Method of measur- 
ing Resistance applied to the Platinum 
Resistance Thermometer. See “ Resist- 
ance Thermometers,” § (19). 

Kelvin’s Absolute Scale of Temperature. 
See “ Engines, Thermodynamics of Internal 
Combustion,” § (7). 

Ejnematics. That part of the science of 
mechanics which treats of the motions 
of bodies without reference to the bodies 
or to the causes which give rise to the 
motions. 

KINEMATICS OF MACHINERY 

This subject, as its name implies, deals with the 
motions of the various parts of machines with- 
out reference to either the forces involved or 
the actual proportions of the parts, other than 
those dimensions which determine the motion. 

A machine consists of one or more kine~ 
rnatic chains, each of which consists of a 
series of members moving in a definite manner. 
The various members are treated as rigid 
bodies, any effect due to tbeir elasticity being 
introduced as a correction. Parts wbicb are 
deliberately made flexible, such as belts, 
chains, etc., are not usually considered as 
members in this sense, but merely as imposing 


certain constraints on the members on which 
they act. 

§ (1) Degrees of Freedom. Co-ordinates. 
(i.) Definitions , — To determine the position 
of a rigid body in space, six. quantities are 
needed. For instance, we may specify the 
Cartesian co-ordinates of a point on it, and 
also the three angular co-ordinates, usually 
called Rodngue’s Co-ordinates, which specify 
its position with respect to three rectangular 
axes through that point. Any one of these 
co-ordinates may vary without affecting the 
others, giving six different motions, and hence 
a rigid body is said to have six degrees of 
freedom. Any motion may be specified in 
terms of the rates of change of these co- 
ordinates, and any limitation imposed on them 
is called a constraint, the degree of the con- 
straint being the number of equations between 
the co-ordinates to which it gives rise, and 
the body being said to have lost that number 
of degrees of freedom. For instance, if one 
point is constrained to lie on a. plane, one 
constraint is imposed and five degrees of 
freedom remain, whilst if two points are con- 
strained to lie on a straight line, four condi- 
tions are imposed and two degrees of freedom 
are left, which are easily recognised as trans. 
lation along the line and rotation round it. 
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R the motion of a body be such that ail ’ them and impr^sing two constraints on each of 
points in it which initially lie in a fixed plane ; the others. There are thus four constraints 
continue to do so, three conditions are imposed ! where a pin unites three members, six when 
and the motion is referred to as plane motion, it unites four, and so on. 

only three degrees of freedom remaining to be For example, consider two rods attached by 
considered. i pin joints to one another and to the frame. 

The rigid structure to which the various Here we have two members each "with three 
parts of a mechanism are attached, and relative degrees of freedf*m, making six in all, also 
to which they move, is called & frame, three joints imposing two constraints each, so 

Two members of a machine which react on there is no degree of freedom left and we 
one another, either directly or through the ; have not a mechanism but 
medium of a flexible belt or chain, are said to a frame. If the number of 
form a pair. Pairs may be classified according 1 degrees of freedom is negative 
to the number of degrees of freedom which j the frame is said to have 
they allow to one member when the other is redundant members, 
fixed. i Consider next three rfxls 

Lower paint only permit one degree of free- ‘ pin-jointed to one another 
dom. A pin on one member revolving without . and to the frame. Here we 
end motion in a hole in the other which it ; have 3x3 = 9 degrees of free- 
exactly fits, a block on one working in a slot dom, and4 x 2 = 8 constraints, 
in the other, and a nut on its screw, are j hence one degree of freedom 

instances of lower pairs. The first two are i remains, and we have a 

instances of plane motion, the third is , mechanism or kinematic chain, usually called 
not. ! the Four Bar Crank Chain, the fourth bar 

Higher pairs allow two degrees of freedom. ’ being the frame. 

A t3rpical instance is a round pin in a slot, , The introduction of a fourth rod would give 

where the pin can move along the slot, and 4 >: 3 = 12 degrees of freedom, 5 / 10 con- 

can also revolve on its own axis. In plane straints, hence two degrees remain, more than 
motion, two surfaces which touch along a line - one type of motion is possible, and the arrange- 
form a higher pair, for both rolling and sliding I ment is not a kinematic chain, 
can occur. This is sometimes taken as a I Consider a crank driving a connecting-rod, 
definition of a higher pair, a lower pair j the other end of which carries a pin moving 
being then defined as having contact over j in a slot. Here we have, in addition to the 
a surface. The contact of toothed wheels frame, two members, each with three degrees, 
is thus an instance of higher pairing, and two lower pairs imposing two constraints each, 
so IS the connection of two pulleys by a and one higher pair imposing one. Hence 
belt. there is one degree left. This mechanism. 

In many cases a higher pair can be replaced modified by replacing the higher pair by a 

by an additional member and two lower pairs, block in the slot, pin-jointing to the eonnecting- 

It is easy to see that this does not alter the j rod, is called the Slider Crank Chain, and 

number of degrees of freedom. For instance, j assumes various forms or inversions by fixing 

a pin in its slot may be replaced by a pin in ; various members. As described it is the 
a block which works in the slot. This has i mechanism of the direct - 
the important practical advantage of reducing | acting engine, fixing the 

wear. A belt can at any instant be con- | connecting-rod we get 

sidered as a rigid member pin- jointed to the the oscillating cylinder 
points of contact. i engine, fixing the crank 

(ii.) Types of JfofiOK.— Pairs of higher order \ we get the rotary engine 
are seldom used and are not classified. It is ; and the quick return, 
usually a simple matter to determine by in- | and fixing the block we 

spection whether one or more types of motion j get a mechanism known as the pendulum 
are possible to an assemblage of parts, but j pump, but not much used, 

rules are given in hooks on mechanism for | Consider a rod with two pins working in 

finding if this be SO by counting the number of 1 two slots in the frame. Here we have one mem- 
members and pairs of each type. The simplest ' her with its three degrees of freedom, and two 
method is to count the number of members j higher pairs, leaving one degree. This mech- 
excluding the frame and to multiply hy three | anism, with the higher pairs replaced by blocks 
(for plane motion), and then to deduct twice ! and lower pairs, is called the elliptic trammels, 
the number of lower pairs, which impose two j as any point in the rod describes an ellipse, 
constraints each, and once the number of ; and by inversion we get the elliptic chuck and 
higher pairs, which impose one each. If ' Oldham^ s coupling. 

several members are connected by the same ! § (2) Locl — An important branch of the 

pin, consider the pin as attached to one of ' subject is the determination of the loci of 
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points in a mechanisms and the design of | 
mechanisms to trace given loci. The ordinary ; 
methods of analytical geometry are employed, 
bnt there are special approximate methods 
used in certain cases where the complete 
solution is not readily obtained. Much 
thought was at one time given to the subject 
of parallel motions, a term used to denote a 
mechanism which guided a point in a straight 
line. Such mechanisms are now much less 
important than they were, hut an analysis of 
one of them (Watt’s) will illustrate a method 
which is very useful In this mechanism 
two rods each pivoted at one end have their 
other ends joined by a link. A portion of 
the path of one point on the link will 
then be a close approximation to a straight 
line. 

The arrangement of the mechanism is shown 
in Fig. 3, with a centre line diagram below I 
^ it. Let AX and BY 

SA rods, pivoted 

to the frame at A 

and B, and coupled I 
by the link XY, which i 

Y § is not far from x>er- 

\ 2 pendicular to them 

\ when they are parallel 

A X to one another. Let 

Fig. 3. Z he a point on the 

link and let AX=fl, 
BA^=6, XZ=x, YZ-y. Let AX he rotated 
through a small angle d, then X rises ad and 
moves to the left both expressions being 
correct to the second order in d. 

Neglecting the effect due to the change in 
obliquity of the link XY, Y will also rise ad, 
and hence BY turns through an angle adjb, 
causing Y to move to the right a distance 
^b{a9lb)^ = a^^l2b. Hence Z moves to the 
left a distance {yad^l2 -xa-d^l2b)l{x + y) which 
is zero if ax=by. Z then rises in a path 
which deviates fcrom a straight line only in 
terms of the third order. 

In many cases loci are plotted by drawing 
out the mechanism in a succession of positions. 
The labour may often be reduced by drawing 
part of the mechanism on tracing paper which 
is moved into successive positions and the 
pomt whose locus is required is pricked through 
on to the paper below. Models in cardboard, 
jointed by eyelets or pins, are often extem- 
porised, and for some purposes well-made 
metal models, with members adjustable in 
length, are used. This is notably the case 
with valve gears. 

§ (3) Displacement, Yelocitt, and Accel- 
eration. (i.) Graphical Methods. — ^In studjdng 
the motion of a point it is often found useful 
to plot the displacement, velocity, and accelera- 
tion on a time base. This is especially the 
case when the mechanism derives its motion 
from a uniformly rotating shaft. A circle 


described round the centre of the shaft is 
divided into a number of equal parts, and the 
mechanism is drawn out with the driving 
crank in each of these positions. This deter- 
mines a series of positions of the point under 
consideration at equal intervals of time, and, 
a horizontal line being divided into a corre- 
sponding number of equal parts, ordinates 
are set up to represent the distance of the 
point from some fixed point on its path. This 
cnrve is known as the displacement - time 
curve. Its form gives us a considerable 
amount of useful information. It shows the 
extreme points of the motion, and when they 
occur, the range, and the time between the 
two given positions. It may also serve to 
suggest an approximate formula for the dis- 
placement, and can he submitted to harmonic 
analysis. The curve can be obtained from a 
model even better than by drawing. 

If more definite information as to the velocity 
is reqiiired it may be obtained by graphic 
differentiation of the above curve, as the slope 
of the latter is evidently a measure of the 
velocity. If this process is to be employed 
the curve must be drawn with great care, and 
the exact direction and point of contact of 
I the tangent is best determined by laying on 
the curve a piece of celluloid on which are 
scratched two straight lines at right angles, 
and adjusting this till the eye accepts the lines 
as the tangent and normal at the point under 
consideration. The tangent being marked on 
the paper, two points are taken on it, and the 
difference of their ordinates, interpreted on 
the displacement scale, divided by the differ- 
ence of the abscissae, interpreted on the time 
scale, gives the velocity. 

A velocity-time curve can now be plotted. 
It is difficult to obtain accuracy by this 
method, and a considerable amount of fairing 
of the points and redetermination of the 
tangents will probably be needed before a 
satisfactory curve is obtained. Hence the 
desirability of more direct methods given 
below. 

A graphic differentiation of the velocity- 
time curve gives the acceleration, which can 
also be plotted on a time base. The accumula- 
tion of the errors of two such differentiations 
renders the need of more direct methods 
imperative. The chief use of a knowledge 
of the acceleration is to calculate inertia 
forces. 

In many cases it is useful to plot velocities 
and accelerations on a displacement base. 
This is especially so when studying the motion 
of the piston of a steam engine or of the 
cutting tool of a slotter or shaper. 

(ii.) Analytical Methods. — Velocities and 
accelerations can sometimes he found ana- 
lytically. For instance, consider the direct- 
acting steam engine, shown diagrammatically 
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in Fig. 4. This consists of a crank CP 
revolving round a fixed centre C, and a 
connecting-rod PD which couples the end of 



the crank to the crosshead to which the piston 
rod is attached- As the piston reciprocates in 
a straight line, if we wish to study its motion 
it will suffice to study the motion of D. Let 
the length of the crank CP be r, that of the 
connecting-rod PD be I, and in the position 
shown let the angle DCP be 6 and CDP be 
Then D is to the left of C a distance equal to 
r cos 6 -tI cos <fi. 

Since r sin d = / sin <p we may write this 





and if r d be not too large a close approximation 
is 

r cos ^ + sin® 




cos ^ ^ sin® ^ J + ^ 

cos B + ~ cos 26- 

4n 4n 




where n — ljr. 

It may be noted that the mid-point of the 
stroke is a distance I to the left of C, and for 
most purposes it is convenient to measure 
from it, omitting the I in this expression. 

This gives the displacement of D. Its 
velocity is, by diSerentiation, with respect to 
the time. 


tifr ^sin 6 


.^sin20) 


towards the right, where <a=ddldt, the angular 
velocity of the crank. A second differentiation 
gives for the acceleration, if we assume u to 
be constant, the value 




orr ( cos ^-r - cos 2^^ . 

n ; 


It may be noted that the second harmonic 
becomes more important with each differentia- 
tion. This is a general occurrence. 

Where analytical methods are not practic- 
able, the following methods are used. 

(ni) Vdocity Images . — Consider two points 
A and B. Let the velocity of A be a, and that 
of B he i\ Take an origin o, draw oa to 
repr^ent u in magnitude and direction, and 


i oh to repr^ent i\ Then by the triangle of 
' velocities, ab represents the veh>city of B 
: relative to A. If A and B be tw^o unconnected 
points, no restriction is placed on ah, but if 
A and B be two points on a rigid body the 
only possible motion of B relative to A is 
: one of rotation round A, and hence ab must be 
' perpendicular to AB. oa is the velocity of a 
; and cb that of 6, and it is easy to see that the 
velocity of a point C on AB is oc w^here c divides 
ab in the same 
ratio that C 
I divides AB. 

' The line ab is 
c onveniently 
called the ve- 
locity image of 
AB, and the 
image of a pc>int 

D carried by AB but not in the line AB is found 
by constructing a triangle abd similar to ABD, 
od then representing completely the velocity 
of D. 

If now, in any given problem, we know the 
velocity of A we can draw m, and then we can 
, draw a line ab at right angles to AB, on which 
I b must lie. The direction of the line joining 
o and b is usually given from the know’ledge 
of the direction of motion of b, and the inter- 
section determines b. ob then gives completely 
the velocity of b. The velocity of b relative 
to a is given by ob, and the angular velocity 
of the rod Is evidently ab^A3. As an example, 
consider the direct- acting engine. Referring 
to Fig. 6, where the centre-line diagram is 
repeated from Fig. 4, with the same notation, 

! to determine the velocity of the piston set off 
' op at right angles to CP, to represent wCP, 
i the velocity of the crankpin on a convenient 
; scale. £t3 is, as above, the angular velocity of 
! the cranio Draw pd at right angles to PD to 
I repr^ent the velocity of D relative to P in 
i direction. The actual 
. motion of D is along 
j the line DC, and hence 
j we draw od in that D 
: direction to cut pd in 
d. od now represents 
: tbp- velocity of D and pd that of D relative 
' to P, hence the angular velocity of the 
j connecting-rod is represented by pd/PD. 

‘ (It is easy to see that if DP be produced to 
I meet the perpendicular through C in T, the 
' triangles opd and CPT are eamilar, and hence 
CP/CT=qp/od, and since op -represents wCP, 

! od represents £tK!!T', t-c. the velocity of the 
! piston is t*7CT.) 

i As a more csomplicated case consider Joy’s 
I valve gear. The centre-line diagram is given 
: in Fig. 7. To the connecting-rod AB of a 
I direct-acting engine a rod CE is attached, E 
! being constraint to move round by the 
i rod OiE. To a point D in CE a rod DO is 

2N 




JO 

Fig, 6. 


VOI.- I 
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attached, a point F on which is constrained to 
move round O2 either by a rod O2F or by a 
curved slot in which F must lie. G is attached 
by the rod GV to V, the end of the valve 
spindle. The method of velocity images can 
be applied as follows to find the velocity of 
V. Set ofi oa to represent tx?OA, and determine 
h as above. Divide <26 in c in the same ratio 
as G divides AB. Draw ce perpendicular to 
CE for the velocity of E relative to C, and as 
its actual velocity is perpendicular to OjE, 
draw oe perpendicular to O^E to meet the 
former line in e. Divide ce in d as CE is 
divided in D. Draw df perpendicular to DF, 
to meet 0/, perx>endicular to O2F, in /, and 
produce df to g in the same ratio that DF is 
produced to G. Lastly, draw gv perpendicular 
to GV to meet a line through 0 parallel to 
the direction of motion of V. ov then repre- 
sents the velocity of V on the same scale as 
oa does that of 'A. 

(iv.) Acceleration Images . — An analogous 
method is used to determine accelerations. 



Fig. 7. 


but there is now an important difference. 
If A and B be two points on a rigid body the 
relative acceleration is not in general either 
along or perpendicular to AB, but consists of 
two components, one of w-AB along AB and 
one of wAB at right angles to it. These 
may be called the radial and tangential com- 
ponents ; in general we can calculate the 
radial component when we have drawn the 
velocity image, and have found w, but aU we 
know about the tangential component is its 
direction. 

As an example consider the direct -acting 
engine. To determine the acceleration of D, 
first draw the velocity diagram opd as in 
Fig, 6. Then from a fresh origin set off 
op to represent w-CP, the acceleration of P 
in magnitude and direction. The acceleration 
of D relative to P consists of a component 
Cl^DP from D towards P and QDP at right 
angles to it, where Q is the angular velocity 
of the connecting-rod. 0 is known from the 
velocity diagram, being given as pd/PD, but 
is not yet known. Therefore we set off pd^ 


parallel to DP and representing Q^DP, on 
the acceleration scale, and then draw a line 
through dj perpendicular to PD, to represent 
the tangential component ODP in direction. 
Since the actual acceleration of D is along the 
line of stroke, a line through 0 parallel to CD 
meeting in d determines the point d. The 
line od now gives the acceleration of D in 
magnitude and direction, and dd^, being the 
tangential com- 
ponent, represents 
ODP, and hence Ci 
is found, if re- 
quired. 

This method 
of acceleration 
images can be 
applied to any 
sjratem of link- 
work. It should 
be noted that the 
actual image is 
pd, not pdi or dd^, 
and that the acceleration of any other point 
in PD is given by the fine joining 0 to the 
corresponding point on pd. 

A very neat construction due to Klein can 
be readily derived from the above. Produce 
DP to meet the perpendicular from C in T, 
on D as diameter describe a circle, and with 
P as centre and PT as radius cut it in Z and 
Zj. Join ZZj cutting DC in K. The required 
acceleration of D is w-CK. It can be seen 
readily that CPYK is similar to opd^d, in 
the same way that CPT is similar to opd, 
and since PY. PD=PT^, the proof follows at 
once. 

§ (4) Instantaneous Centres. — A very 
useful method of analysing the motion of a 
mechanism is by the use of instantaTieous 
centres. A body moving in a plane may be 
brought from any one position to any other 
by a rotation round a certain point. For let 
A and B be two points in the body in one 
position and A'B' the same points in another 
position. Bisect AA' 

and BB"" by lines at — 

right angles meet- 

ing in I. Then / \ / 

LA=IA', IB = IB', / \ / 

and the triangles / \ / 

lAB, lAB' are X— 

equal, hence the ^ ^ 

angles ALB and Fig. 9. 

A'lB' are equal, and 

hence so are AIA' and BIB', or the rotation 
round I which carries A to A' also carries 
B to B'. 

If the displacement be made small so that 
AB and A'B' are consecutive positions, AA' 
and BB' become the directions of motion of 
A and B respectively, and I is called the 
instantaneous centre, and the motion of AB 
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is at that instant a rotation round L The posi- 
tion of I is found by erecting perpendiculars to 
the directions of motion of any two points of 
the body, and this is readily done in many 
cases owing to the nature of the constraints, 
e.g. if a point moves along a straight slot, 
I lies on a perpendicular to the slot, and if a 
point is guided in a circle by a link , I Hes on 
the centre line of the link, produced if 
necessary. For instance, in the direct- acting 
engine, the instantaneous centre of the 
connecting-rod lies at the point I where the 
centre line of the crank produced cuts a ime 
through the crosshead pin 
perpendicular to the slide 
bar, for P is moving at 
right angles to the line IPC, 
and D at right angles to ED. 
The velocity of D may now 
be found as follows. If £*y be the angular 
velocity of the crank, the velocity of P is 
taPC. Hence the angular velocity of the con- 
necting-rod about I is £jjPC/PI and the 
velocity of D is wPC.IH.PL By similar 
triangles this can be proved equal to w . CT 
as shown above. 

To apply the method to more complicated 
mechanisms we need the proposition that the 
relative instantaneous centres of three bodies 
taken in pairs lie on a straight line. This is 
easily proved. Let the bodies be A, B, and 
C, and let the instantaneous centre of B 
relative to C be I6c, and so for the other 
pairs. Then Ij,^ is a point on C at rest relative 
to B. Since I^^ is the instantaneous centre 
of B relative to A, Ij,^ considered as a point 
on B is moving at right angles to lail^c- 

Similarly as a 
point on C it 
is moving at 
right angles to 
This 

can only hap- 
pen if the 
two directions 
are in the same 


meet the vertical through the croesh^wi pin as in 
the last example. Since od and dc are Imown, oc 
must be on the line joining them, and it must also 
he on the line joining do and dc. This locates oc. 
(Note the cyclic order ol/, dc, co, and od, dc, co.) 
We now proceed to find oc using the lines oc, cc and 
of, Since one end of G is moving round oc and 
the other is moving along 
the line of stroke of the 
valve, og is found at the 
intersection of oc, ^ with 
the vertical through the 
other end of G. The 
velocity of the 
valve ia then 
found from the 
angular velocity 
of the 
crank 
by fol- 
lowing 




Tig. 11. 


straight line. 

In applying the above theorem to a complicated 
mechanism the notation is improved by omitring the 
Es and denoting the instantaneous centre of A 
and B by ab. The relative instantaneous centre of 
two members connected by a pin is at the centre 
of the pin, and if the instantaneous centre of one of 
them is air^dy known a line can be drawn through 
it and the centre of the pin and this line must con- 
tain the instantaneous centre of the other. A, 
second pin joint on the member under discussion 
gives another line, and the centre required lies at 
the intersection of th^ two lines. 

As an example consider Joy’s valve gear. Denote 
the links by ABCDEFG as shown and the frame 
by 0. Then the instantaneous centres oa, ah, he, cd, 
do, ce, ef, of, eg can be labelled at once as they are 
pin joints- o5 is then found by producing oa, ah to 


the motion 
through the 
mechanism from 
Fig. 12. centre to centre, 

multiplying the 

angular velocity by the distance of a pcant from 
i cme instantaneous centre to get its linear velocity, 
and dividing by the distance from the next to get the 
i angular velocity round it, and so on. 

This method is in many cases preferable to the 
method of velocily images, as it can be applied 
directly to the centre-line dmgram of the mechanism, 
and do^ not involve the drawing of a second diagram 
Mid the use of the parallel ruler. 

I There is an analogoiis method for determin- 
j ing accelerations, by using the properties of 
! the centre of no acceleration. To find the 
i latter we draw lines making an angle whose 
! tangent is with the directions of the 

I accelerations of two points on the body, to 
I meet in J, the acceleration of any point P 
I being then w^PJ along the line PJ and u>PJ 
I at right angles to it. The actual constructions 
' to find J depend on the data, and in general 
' the method of acceleration images is more 
• useful and simpler. 

§ (5) Cams. — ^When a member of a mechan- 
j ism is required to have a motion that cannot 
I conveniently be given by means of a linkwork, 
recourse is had to a cam. A cam is a revolving 
member having sliding contaxjt with a sliding 
or rocking member csdled the follower, the 
former being so shaped as to give the required 
motion to the latter. Cams may be divided 
into two classes usually known as edge cams 
and face cams. The former, as the name 
implies, consists of a flat disc, the follower 
j bearing against the edge, whilst the latter 
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consists in principle of a disc, one side of whicli 
is a formed track against viiich. the follower 
hears. A cylinder with a groove on its curved 
surface, in which runs a roller carried by the 
follower, is evidently equivalent to a face 
cam. Face cams are easily designed, as the de- 
velopment of the cylinder track must evidently 
he the displacement-time curve required for 
the follower. 

Edge cams may be divided into two types, 
called point cams and tangent cams; in the 
former the motion is imparted to a point on 
the follower, and in the latter an edge of the 
follower is always tangential to the cam. 
In point cams the point may be constrained 
to lie on a hne through the centre of the cam, 
on a hne passing to one side of the centre, 
or in an arc of a circle about a point on which 
the follower is pivoted. In a tangent cam the 
follower may he constrained to move parallel 
to itself or to swing about a centre. 

In all eases the simplest way to set out an 
edge cam is to imagine the cam at rest and the 
remainder of the machine revolving round it ; 
the required form of the cam is then found as 
the locus of the points on the follower in a 
point cam, or as the envelope of the success- 
ive positions of the edge in a tangent cam. 
UsnaUy in a point cam a roller is used to 
reduce friction and wear, and in that case the 
cam as actually made is the envelope of a 
series of circles whose centres lie on the cam 
as designed above to give the required motion 
to the centre of the roller, and whose radius is 
that of the roller. 

§ (6) Valve Gears. — These, and the 
methods used in studying them, form an 
important branch of the subject, but are not 
dealt with in this article. 

§ (7) Ceaitk Efeoet Diagrams. — ^Although 
involving the idea of force, and hence not 
strictly belonging to kinematics, mention 
must be made of the subject of crank effort 
diagrams. In studying the action of a steam 
engine it is useful to plot on a crank angle base 
the effort exerted by the engine in turning its 
shaft. The method may he reversed and 
used to study the turning moment needed to 
drive a macMne. 

By the principle of virtual work, if w be the 
velocity of the crankpin and v that of the 
piston, P the net thrust on the piston, and T 
the force on the crankpin in the direction of 
its motion, then Pr = TM, i.e. T=Pv/w. The 
plotting of a crank effort diagram involves, 
therefore, the determination of P and the 
determination u/v. 

The latter is done by means of the velocity 
image, by instantaneous centres, or by any 
other method suitable to the mechanism under 
consideration- In the direct-acting engine it has 
been proved that u/y=CT/CP, hence we have 
T . CP = P . CT, and since T . CP is the moment 


of the force at the crankpin about the crank, 
aU we have to do is to plot the product P . CT 
which is equal to it. P is determined from 
the indicator diagrams, being the difference 
between the pressures on the two sides of the 
piston, multiplied by the area of the piston, 
and corrected for inertia. It is usual to plot 
not the total P, but the value of P per sq. in. 
of piston; the same diagram then serves for 
engines of different sizes, provided they have 
the same steam distribution. To correct for 
iaertia we require to deduct W//Ag lbs. per 
sq. in. from the difference of pressure shown 
by the indicator, where W = weight of recipro- 
cating parts, A = area of piston, / = acceleration 
of piston. The last must be found for a suffi- 
cient number of points on the stroke, and 
this may be done by Klein’s construction. 
It is more usual, because simpler, to use 
the formula /=w^r(cos B-hljn, cos 20) proved 
above, and to select the points where 
0 = 0°, 45°, 90°, 135°, 180°, when the expres- 
sion in the bracket becomes 1-i-l/n, 

— 1 // 1 , — 1/ — {1 — 1 jn} respectively, values 

which are easily calculated, and which give 
a sufficient number of points to enable a 
smooth curve to be drawn. A diagram of 
net pressure being first constructed by measur- 
ing from the top of one indicator diagram 
to the bottom of the other, the inertia 
curve is drawn across it, and the cor- 
rected pressure scaled off and multiplied by 
the corresponding value of CT; the product 
is then plotted on a crank angle base. 

The chief use of such diagrams, showing 
the variation of effort during a revolution, is 
to enable us to study the resulting fluctuation 
in speed, and to serve as a basis for the design 
of flywheels. 

In a similar manner diagrams may be drawn 
showing the effort needed to drive, say, a 
shaping machine, given the portion of the 
cuttiag stroke for which the tool is in con- 
tact with the work, and the cutting pressure. 
We can also find the fluctuation of effort 
needed to drive an air compressor or hydraulic 
j pump. 

1 § (8) Toothed Wheels. — An important 

branch of the subject is the discussion of 
toothed wheels, both as regards the angular 
velocity transmitted by a train of wheels and 
as regards the correct form of curve for the 
teeth. 

The determination of the ratio of the velo- 
cities of the first and last wheels in a train 
-is usually a simple matter. If two wheels 
have and teeth respectively and make 
Rj and Rg revolutions respectively, then 
evidently n^'R^. In a simple train of 

wheels where each one gears into the 
preceding one and drives the next one in 
the train directly, the numbers of teeth in 
the intermediate wheels evidently cancel out. 



KIXE:vIATICS of ]\IACHrXERY 


549 


and the velocity ratio transmitted depends ’ 
only on the number of teeth in the first and ■ 
]ast. The intermediate wheels are often ! 
called idle or transposing wheels. It should 
be noted that if there is an even number of j 
wheels the last one revolves in the opposite i 
direction to the first, and if an odd number, in j 
the same direction. : 

In a compound train there are one or more I 
shafts, each carrying two wheels; motion is j 
imparted to the shaft through one of the I 
wheels and is taken off by the other. For i 
such trains we have the simple rule : Velocity ' 
ratio = product of numbers of teeth in drivers i 
divided by product of numbers of teeth in i 
driven wheels. Worm wheels may be included i 
in this rule if we regard a single - threaded j 
worm as having one tooth, a double-threaded 1 
one two teeth, and so on. 1 

In epicyclic trains, wheels, known as planet ! 
wheels, gear with a central wheel called the | 
sun wheel, whilst their centres are constrained I 
to move in a circle round it. Such trains are I 
easily dealt with by first considering the i 
planet wheels to have their centres fixed, j 
assigning a velocity of rotation to one wheel j 
of the train, and tabulating the velocities of 
the others, paying attention to sign, and then ) 
superimposing on the whole system such a | 
rotation as reduce to rest the wheel that ! 
actually is at rest. The velocity ratio of any I 
two wheels can then he written down by inspect- ! 
mg the table thus modified. Such trains are ! 
largely used where a big reduction in speed is ; 
needed, and also in change speed gears for ; 
cycles and motors. 

As regards the number and proportions of 
the teeth, let 0, 0' be the centres of two wheels 
which are to gear together. Divide 00' in 
P, so OP/OT* is the velocity ratio to he trans- 
mitted. P is usually called the pitch point, 
and it is evident that two rough circles of j 
radii OP and OR will transmit the required | 
velocity ratio. The actual wheels may be | 
considered as derived from these circles hy j 
providing them with teeth. The distance j 
from the point .where one tooth cuts the ; 
circle to the point where the next one cuts it, j 
measured along the pitch circle, is called the j 
circular pitch, and must evidently be an j 
exact submultiple of both circumferences, j 
If the circular pitch be expresable in inches 
and fractions, the radii cannot be, since the 
radius of a wheel of n teeth is npj2v, and con- 
versely if the radii are expressible in inches | 
and fractions, p, the circular pitch, will be ! 
incommensurable. The latter system is the | 
most convenient in practice, and instead of j 
working in terms of circular pitch it is more i 
usual to work in terms of p/t, which is evidently j 
equal to the diameter divided by the number | 
of teeth. It would be convenient to call this , 
the diametral pitch, by analogy, but as it is 


msually expressed as a fraction with unity as 
numeratt>r, the custom has arisen of naming 
only the denominator and calling that the 
diametral pitch. The diameter of the pitch 
circle is then found by dividing the number 
of teeth by the diametral pitch thus defined, 
and as it is usual to make the height of the 
tooth above the pitch circle (called the 
addendum) equal to the over-all diameter 
of the blank before cutting is found by adding 
2 to the number of teeth and dividing by the 
diametral pitch. For example, a wheel of 
24 teeth, and diametral pitch 4, would 
have a pitch circle diameter of 6 in. 
(24/4), an over -all diameter of fi| in. 
(24-r2)'4, the teeth would stand J in. above 
the pitch circle and would be cut slightly 
more below it, and the circular pitch p would 
be ir/4 in. 

As regards the form of the teeth, the ^sen- 
tial condition is that the teeth, which move 
over one another with a combined rolling 
and sliding action, should transmit a constant 
velocity ratio. If this condition is not fulfilled 
there will be vibration and noise accompanied 
by loss of power. This condition makes it 
necessary.that the common normal to the two 



Fig. 13. 


teeth at their point of contact should pass 
through the pitch point in all positions of the 
wheels. This may be proved as follows. 
Imagine the left-hand wheel at rest and the 
right-hand wheel rolling on it. P is evidently the 
instantaneous centre, and hence Q considered 
as a point on the right-hand wheel is moving 
at right angles to PQ. If the teeth are neither 
to penetrate one another nor to separate, 
this involves the common tangent at Q being 
perpendicular to PQ. (It is evident that the 
velocity of rubbing is -f ajg)PQ, w’here the 
w’s arc the angular velocities, and this only 
vanishes when the teeth are in contact 
at P.) 

It is evident that if the form of the teeth for 
one wheel is given, that for the other can be 
determined by ima ginin g one wheel to roll 
on the other and to force the material of which 
it is made into the required shape. This can 
also be done on the drawing-board, by rolling 
a piece of tracing-paper with a circle to 
represent one pitch circle on the pitch circle 
of the other drawn on the paper below, and 
tracing through the teeth in the successive 
positions. The required form for the teeth 
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of the upper wheel is found as the envelope 
of the teeth so traced- 

In general, however, wheels are manufac- 
tured to standard forms, in series, such that 
any one of a series of wheels of given pitch 
will run with any other. For this purpose 
suitable forms must be chosen. Two systems 
are usually described in text - books, in- 
volute teeth and cycloidal teeth. The 
former are almost exclusively used now, 
the disadvantages formerly attributed to 
them being much less serious than their 
positive advantages. 

Imagine that the two wheels carry circles 
called base circles whose radii are slightly less 
than those of the pitch circles, the ratio being 
the same for both wheels. Imagine an in- 
extensible string attached to these circles, and 
crossing between them ; then as the wheels 
revolve the string is unwound from one base 
circle and wound up on the other, keeping 
taut in virtue of the ratio of the radh. Detach 
the cord from one hase circle and, keeping it 
taut, unwrap it from the other. A tracing 
point on it will describe a curve known as the 
involute of the base circle. Reattach the cord 
to the other base circle and describe an in- 
volute relative to it, using the same tracing 
point. Now attach the cord to both base 
circles; the two curves must meet at the 
tracing point which described them, and must 
touch, since the cord is normal to both. As 
the wheels revolve, and the tracing point passes 
across from one base circle to the other, the 
involutes remain in contact, and hence are 
possible forms for wheel teeth. It is easily 
seen by similar triangles that the cord passes 
through the pitch point, and as it is the 
common normal the condition for uniform 
velocity ratio is fulfilled. 

The other form of teeth consists of two parts, 
the part outside the pitch circle (the face) 
being an epicycloid formed by rolling a small 
circle on it, and the part inside (the flank) 
being a hypocloid formed by rolling a small 
circle within it. For two wheels to run to- 


gether the face of one and flank of the other 
must be generated by rolling circles of the 
same diameter, and so must the flank of the 
former and face of the latter. As far as one 
pair of wheels is concerned these two rolling 
circles may be of different diameters, but if 
the wheels are to form a series any pair from 
which will run together, aU the rolling circles 
must have the same diameter. A proof that 
such teeth fulfil the necessary conditions is 
given ha Dunkerley’s Mechanism. 

Involute teeth have two very important 
advantages. Firstly, if the centre distance 
be varied slightly they still gear together 
correctly, as long as they are sufficiently far 
in mesh to run at aU, as can be seen by con- 
sidering the cord and involutes described above. 
This is not true for cycloidal teeth. Secondly, 
the rack which gears with an involute wheel 
has straight-sided teeth, and by means of this 
property involute teeth can be generated from 
a cutter with a straight edge, and not merely 
copied from a formed cutter or former. Hence 
the accnracy of cutting is more to be relied 
upon. 
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KmETic Theory of Matter applied to es- 
PLAix the Gas Laws. See “Thermal Ex- 
pansion,” §(15); “Thermodynamics,” § (66). 
Rirchh off’s Law of Radiatioh. A law 
which states that, for radiation of any one 
frequency, the ratio of the coefiScient of 
emission to the coefficient of absorption is 
the same for all substances whatever, and 
depends only on the temperature and the 
frequency of the radiation considered. See 
“ Radiation Theory,” § (4). 

KOrtihg Two-stroke Engine. See “Engines, 
Internal Combustion,” § (10). 


L 


Lag, Thermometbjc. The interval of time 
which elapses between the plunging of a 
thermometer into a medium at a different 
temperature and the attainment of the final 
reading. See “ Thermometry,” § (10). 

Langmtjir “ Condensation ” Pump. See 
“ Air-pumps,” § (45). 

LATENT HEAT 

I. Latent Heat of Vaporisation 

§ (1) Experiences of Regnault and 

Dieteriol — The determination of the heat 


of vaporisation of a liquid does not present 
much difficulty if only approximate values 
are desired. * But, when an accuracy greater 
than 1 per cent is aimed at, great precau- 
tions must be taken to minimise the errors 
due to the vapour carrying over small particles 
of liquid. 

Since the thermal constants of water have 
been studied more exhaustively than those of 
any other substance the methods employed 
for the determination of the latent heat of 
steam will be considered as illustrating the 
procedure in such experiments. 
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(i.) Regnanlt came to the conclusion that 
the best method of reducing errors due to 
the condensation of vapour and heat loss 
from the pip^, etc., was to work on a large 
scale. 

His* method of experiment was to condense 
steam under saturation pressure in a calori- 
meter of about 1(X) litres capacity and observe 
the temperature rise of the water in the calori- 
meter. The quantity of condensed water was 
of the order of 10 litres. The initial tempera- 
ture of the steam varied from 107° to 187® C., 
and the flow into the calorimeter was con- 
trolled by a throttle valve. It might be 
remarked that the exx)ansion of the high- 
pressure steam down to atmospheric pressure 
in passing through the valve does not alter 
the total heat of the steam, provided there is 
no external loss of heat and no change of 
kinetic energy. If kinetic energy is generated 
at the valve it is reconverted into heat in the 
calorimeter. 

Regnault’s apparatus is now of historical 
interest only, and a detailed description of it 
will be found in Preston’s Theory of Heat (3rd 
ed.), p. 367. 

The results obtained by Regnauit appear to be 
fairly reliable over the range from 100° C. to f200° C., 
but below 100° C. are vitiated by several sources of 
error, and in recent years Regnault’s values have 
been superseded by data obtained under more 
favourable conditions of experiment. 

In Regnanlt’s time there was no information 
available ccmceming the variation the specific 
heat of water with temperature, nor was he aware 
of the temporary changes erf zero of mercury 
thermometers. 


Tabus I 

Regxault’s Valuis 


Ifiimber of 
Experiments. 

Temperature. 

1 Latent Hdit 

1 (Calorie at 15° 

; approxnnatdy). 

.3 

120-3 

j 521-7 

4 

126-8 

1 517-6 1 

11 

135-9 

j. 511-9 

13 

145-2 

j 504-9 

10 

155-5 

j 495-7 

5 1 

! 162-4 

491-5 

14 

' 175-2 

482-3 

9 1 

185 6 

! 478-1 

4 

194-6 

j 471-0 


Another source of error in Regnault’s apparatus 
was the uncertainty cont^ming the heat conducted 
into the calorimeter along the pipe conveying the 
steam. Regnauit obtained his correctiem by olserv- 
ing tile rate of rise erf an exactly similar <alorimeter, 
with g^Tnfla.r cxwmections, info which no steam was 
passed. But the temperature gradient along the 
pipe which detmmines the heat flow depends upon 
the rate erf flow of the steam, for this necessarily 


alters the temperature gradient along the pipe. He 
consequently overestimated the correction and ob- 
tained latent beat values which were too low. 

(ii.) Dieter ki ^ measured the latent heat at 
0° by means of a Bunsen ice-calorimeter. 
The water was contained in the inner tube of 
the ice-calorimeter and the weight of mercury 
extruded observed on evaporation of the 
water. 

His observations were very concordant, and 
the differences from the mean were less than 
1 part in STX)- 

At first he assumed the value 15-44 
milligrams of mercury per mean calorie 
for the constant of the ice- calorimeter, which 
was the mean of the results of previous ob- 
servers. 

This gave the value 596-SO mean calories 
for the value of L at O’. 

Subsequent experiments of Dieterici * in 
which water enclosed in a quartz bulb heated 
to 100° was dropped into the calorimeter gave 
the value 15*50® for the constant of the 
calorimeter. 

On this basis the value of L at 0° would be 
594-83 mean calories. 

§ (2) Griffiths’ Experiments. — The value 
of the latent heat of evaporation of water 
at the temperatures of 30° and 40° C. was 
determined by E. H. Griffiths,* whose apparatus 
is shown in Fig. 1. 

A known weight of water was put in a glass 
bulb B with a narrow jet, and this was placed 
in a small salver flask F to which was attached 
a coil of silver tube T 18 ft. long. Between 
the flask and the coil of tube was a spiral 
of platinum-silver 'wire which, heated by an 
electric current, supplied the heat necessary 
to vaporise the water. The flask, tube, and 
wire were all enclrsed in the calorimeter, 
which was filled with aniline in the earlier 
experiments, but later with a special petroleum 
oil which was non-volatile and a good insulator. 
The calorimeter, being surrounded by a 
vacuum and a mercury thermostat jacket, was 
kept at a constant temperature, never varying 
as much as 0-01° C. The end of the silver 
tube passed outside the apparatus and was 
connected with an air-pump. On working the 
pump the water was made to issue drop by 
drop from the bulb under its own vapour 
pressure so that the rate of evaporation could 
be kept quite regular. Thus the vapour 
I formed in the flask had to pass up the whole 
length of the silver spiral tube and issued at 
the temperature of the calorimeter and free 
from water mechanically carried over. Special 

^ Wied. Ann., 1889, xxxrii. 506. 

* Ann. Phys., 1905, xvi. 59S. 

* Thfe was confirmed by the writer using an electri- 
cal method (see § (1) of “ Calorimetry, Methods based 

the Change erf State ”). 

* PhU. Tram. A, 189d, p. 261. 
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attention was given to the efficient stiiTing 
of the oil in the calorimeter. 

The equation for determining the latent 


The advantages of this method over most 
of the others that have been made use of is 
that it is practically independent of errors in 


heat of evaporisation may be put in the thermometry and is not afiected by changes 
following form : in the specific heat of water. 

^ The temperature being stationaiy, the heat 

ALL — Qeie + Qs^s+ capacity of the calorimeter or of its contents 
AI being the mass of water evaporated, does not enter into consideration, and the 




the heat per second suppHed by the electric radiation correction is small and determinate, 
current, Q, the heat generated by the stirrer, Griffiths noticed that his two results at 30'^ and 

and % the times during which heat was 40° C. lay very nearly on a straight line joining 

supplied by these two Dieteriei’s value ^ at 0° C. (uncorrected value of 

sources respectivelv 1889) and Regnault s value at 100 G., which fact 

JX [t and t being practi- seemed to indicate that Dieterici’s calorie and 

r -. ? - " 1 ^ ® * Kegnault’s calorie were both equal to the 

pw H calorie at 15° C. 

(]] y To test this assumption Griffiths per- 

n suaded Joly to make 

— j a determination of 
the relation between 

^ calorimetCT. ' 

This he did ; and 

assuming the calorie 

at 15° equal to the 

mean calorie be- 

— Mercury tween 12° and 100°, 

obtained tbe valne 
539*3 for the latent 

_ heat instead of 536*7 

I as given by Re- 

— r:: £] gnault. Hence either 

- - - - n )/~7 1 T W \ V" mean thermal 

|l JL / i { r \ n \ ... J — until between 12° 

and 100° C. was 
much smaller than 
the calorie at 15° 


Vacuum enclosure 






cally equal), and the total heat received 
owing to other causes such as radiation and 
eonductiom 

Although Qg was necessarily measured in 
electric units, it was reduced to thermal units 
by employing the value of J determined by 
means of the same method of electric meas- 
urement and the same electrical standards. 
Thus any errors due to uncertainty in the 
values of the electric units were eliminated. 
The greatest uncertainty was in the estimation 
of Qg, but this constituted only about 1 per 
cent of the rate of heat supply. The follow- 
ing are the values of L obtained : 


Table H 

Temperature by 
Nitrugen 
Therm ciiueter. 

Latent Heat 
(15= C. Unit). 

Latent Heat 
(20= C. Unit). 

401 5° 0. 

572-60 

573*51 

30-00° C. 

578-70 

579-25 


or Regnault’s value was in error. 

The result of Callendar and Barnes’ experiments ^ 
on the variation of the specific heat of water, seven 
years later, proved that the calorie at 15° was very 
nearly equal ^ to the mean calorie. Regnanlt’s value 
for the latent heat is now known to be too low. 
Dieterici’s later experiments on the constant of the 
ice- calorimeter proved that his value for the latent 
heat at 0° was too high. So the relation between 
latent heat and temperature over the range 0° to 
100° is not a linear one. Griffiths’ values at 30° 
and 40° C. are in close agreement with the theoretical 
curve. 

§ (3) Henktng’s Experiments. — Henning 
adopted the same method as Griffiths in 
measuring the latent heat of steam. He used 
the apparatus shown in Fig. 2. The cylin- 
drical evaporation vessel G was made of 
copi>er, of about 1 litre capacity. The seams 
of the vessel were soldered up and a screw 

^ 596-80 mean calories. 

* Phil. Trans. A, 1902, cxcix. 55-148. 

“ The calorie at 15° is very nearly one part in 
2000 less than the mean calorie. 
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stopper G used for closing the vessel. The 
cylinder contained a heating coil D and a 
platinum resistance thermometer E, -which were 
both led through the cover and were electric- 
ally insulated and steam-proof. The jacket A 
surrounding the evaporation vessel contained 
about 13 litres of colza oil and was kept by 
electrical heating at about the boiling-point 
of water. This vapour - jacket, originally 
devised by Ramsay and ]VIiss Marshall, not 
only kept constant the heat loss of the 
inner vessel, but also protected the steam 



from condensing on the way to the con- 
denser. 

The steam developed in C was led through 
an elbow-joint J into a 5-mm. copper tube H, 
which was hard-soldered into the bottom of 
the vessel C : the umbrella-like roof M diverted 
the drops of wa-ter from the end of the steam 
pipe. The three-way tap F opened to either 
condenser, according as the handle R of the 
tap was -turned to the right or left. By this 
means the irregularities which occurred at the 
beginning and end of the boiling period 
were elimina-ted. These irregulari-ties ap- 
peared in the temperature measurement and 
were due to the fact that at the com- 
mencement of boiling the temperature in the 
water was not completely equalised by the 
rising steam bubbles, and also because the 
escaping steam raised somewhat the pre^ 
ure, and at the same time the boiling-point 
of the water. At the end of the experiment 


■ the reverse effect took jdace for the same 
reason. 

Initially steam was led one way until the 
heating current was steady and the steam was 
evolved regularly, then the tap F was turned 
and the steam led through the second path 
for a certain time, and condensed in a wide 
: cooling apparatus, while the electrical energy" 
j dissipated in the heating current was observed 
! at the same time. At the end of the run the 
j tap was again turned intu the first position 
! and the heating current interrupted. 

I Henning measured the latent heat of steam 
! at six different temperatures between 30'^ 

; and 100^ C. He kept the temperature con- 
stant during the measurement by altering the 
: pressure at which the water boiled. The coj>per 
I condenser P, which was connected by means 
I of rubber tubing to the pipes K, was cooled to 
j a temperature dependent upon the steam 
j pressure of the boiling water. For this 
j purpose water at room temperature, ice, or a 
i mixture of alcohol and CO 2 were employed, 
i Dr\ing-tube3 filled vith calcium chloride and 
i phosphorus pentoxide could be dispensed with 
: when working at atmospheric pressure. By 
^ altering the pressure the boiling-point could 
be fixed at any desired point and the tempera- 
ture kept at the required value by the use of 
j a small pump. 

I Of the 680 gm. of water with which the 
j vessel was fili^ 200 gm. were evaporated, 
j The rate of evaporation could be raised to 
i 50 gm. in 15 minutes. It was found that at 
I low temperatures the accuracy of the measure- 
j ments was not so great, on account of the large 
I specific volume of the vapour ; the steam had 
I to be evaporated slowly to ensure that no 
I water was withdra-wn. 

i In order to determine the heat loss or 
\ gain from the surroundings, Henning made 
I experiments with different rates of energy 
i supply. 

i The weight of the condensed steam was 
; determined by weighing the condenser : the 
i small amount of wa-ter remaining in the steam 
I pipe K (about 10 mgm.) being absorbed by a 
; small piece of weighted filter-paper. Finally, 

■ account had to be taken of the fact that at the 
’ end of an experiment more steam "was in the 
! vessel than at the b an ning, because in the 
j interval the volume of water had decreased, 
i This small correction amounted at 100° to 
I -i- 0-06 per cent and at 30° to -f 0*003 per 
' cent. 

! He obtained values at six points between 
, 30° and 100° C. 

j The final result is given by the formula 
; L = 538-86 -r 0*5094( 100 - 1) 

! for the latent heat of -water between 30° and 

! 100°. 

i These results are expressed in terms of the 
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calorie at 15°, which he takes as equivalent 
to 4-188 joules. 

§ (4) Smiths Experiments. — ^.4. TT. Synith 
employed a current of air for the evaporation 
of the water. 

The calorimeter is shown in Fig. 3, and con- 
sists of a large test-tube E, closed at the top 
by a cork. Two glass tubes for the air current 
passed through this cork, one extending to 
the bottom of the test-tube, the other just 
projecting through the cork. A third tube 
closed at the bottom, and not shown in the 
figure, contained the heating coiL This was a 
single heater from a Nemst lamp provided 
with current and potential leads. The coil 
was immersed in paraffin oil so as to transmit 
the heat to the surrounding water. 

This test-tube cal- 
orimeter stood within 
a double - walled 
vacuum vessel D, the 
whole being well sur- 
rounded with light 
cotton-wool and held 
in a cardboard box, 
which in turn was sup- 
ported in the middle 
of the constant tem- 
perature bath F. The 
remaining space 
around the sides, the 
top, and the bottom 
of the chamber was 
also lightly filled with cotton- wool to prevent 
convection currents. 

The calorimeter was packed and set in 
position at least one day before an experiment 
could be performed, so as to obtain constant 
temperature conditions. The water evaporated 
was collected in a weighed pair of tubes 
containing sulphuric acid. These were changed 
every two hours and the increase of weight 
observed. 

Table HI 

A. W. Smith’s Valites 


Number of 
ExperimentB. 

Temperature. 

Latent Heat. 

4 

13-95 

588-6 

12 

21-17 

584-7 

4 

28-06 

580-9 

2 

39-80 

573-9 



(Results expressed in mean calories on 
assumption that E.M.F. of Clark cell is 1*434 
international volts at 15° G. and J =4-1836 
joules.) 

Later Smith ^ made some observations at 
160° C. employing a very slow rate of evapora- 
tion, and found the latent heat to be appreci- 
ably higher than when the boiling was rapid. 

^ Fhys. Rev., 1911, xxxiii. 181. 


These he explained on the assumption that the 
steam carried over minute quantities of water. 

The value for the latent heat under these 
conditions was 540-70 mean calories at a 
temperature of 100° C. 

§ (5) Comparison oe Data por Steam. — 
Callendar - has analysed the data obtained 
by various observers for the latent heat of 
steam and conveniently expressed them in 
terms of the total heat of steam H. This is 
defined as the quantity of heat required (1) 
to raise unit mass of water from 0° C. to the 
temperature t of the boiler, and (2) to evaporate 
it at that temperature, the whole operation 
being performed under a constant pressure p 
equal to the saturation pressure at the tempera- 
ture of the boiler. The heat required for this 
second operation is of course the latent heat 
of evaporation at saturation pressure and 
temperature. 

Regnault had previously expressed his 
results between 0° and 200° C?. by the simple 
linear formula 


Total heat H = 606-5 -f 0-305i, 

and this was accepted for the next fifty years 
without question. 

It is now known that the relationship 
between total heat and temperature is not 
a linear one, and the results of later investiga- 
tors have been collected together by Callendar, 
who has compared them with two formulae.® 
The curves computed from the formulae are 
shown by solid and dotted lines in Fig. 4. 
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Since the object is to bring out the 
differences from Regnault’ s formula this is 
represented by the horizontal straight line 
marked “ Regnault.” Observations giving 
a lower result than Regnault’s formula lie 
below the line, those giving higher results 
above, and the differences are plotted in mean 
calories. 

Regnault’s observations are shown by plain 
circles (Q)* The plain circle giving the value 
636*7 at 100° represented the mean of thirty- 
eight experiments, and the corresponding value 
of the latent heat is 536-2 calories, if Regnault’s 

* Properties of Steam (Arnold), 1920. 

“ See § (6). 
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formula is adopted for the total heat of the 
liquid It might be remarked that Renault 
was well aware that this result was probably 
too low on account of the presence of water 
in the steam, and his formula actually gives a 
value 0-3 calorie higher. 

The experimental points plotted between 
65° and 85' C. represented the r^ults of twenty- 
two experiments in four groups, some of which 
nearly reach the line, while others lie 5 or 
6 calories below. The mean of all shows 
a defect from the formula of 2-5 calories, or 
0*4: per cent, of the total heat at 75“ C. 

Combining the mean of these -nith the 
observations at 100" C. we should obtain a 
rate of increase of 0-40 in place of 0*30 for the 
total heat between 75° and 100° C., as remarked 
by Griffiths. 

In experiments above 100° C. errors due to 
leahage vitiate Regnault’s observations. For 
he stat^ that the effects of leakage became 
very troublesome when the pressure was 10 
atmospheres, and the joints had to be renewed 
daily. This is the probable explanation of 
the low point between 150° and 175°, and 
Regnault attached no weight to these points in 
selecting his formula. 

Regnault' s values between - 2° and 16° 0. 
are given in three groups in the neighbourhood 
of 8° 0. His methc^ of experiment was 
different, and discrepancies of the order of 
10 calories were fonnd between successive 
experiments. 

Bieterici’s two values at 0° C. differ on 
account of the change in the value of the 
Bunsen calorimeter constant The old value 
shown thus (0) was on the assumption of the 
ice-caiorimeter constant being 15*44 milligrams 
of mercury per mean calorie. His direct 
determination of this constant made it 15-50, 
and the corrected value of the latent heat falls 
very nearly on the theoretical curve at 0° C. 

Griffiths’ values ( 3) are in very satisfactory 
agreement with the theoretical curve. 

Henning’s values (0) are in good agreement 
with the theoretical curve below 100°, although 
the two points at 30° and 49° are appreciably 
higher while that at 100° is slightly lower. 

Henning’s five points between 100° C. and 
180° 0. are connected by the wavy line marked 
“ Henning’s Table.” 

This curve was deduced by a graphic 
process of smoothing, and according to 
CaUendar does not represent the actual 
observations satisfactorily. It is obviously 
inadmissible for theoretical purposes, as it 
involves a discontinuity in the curve at 
100° C. Three of the five ol^rvations are 
in very fair agreement with CaHendar’s 
theoretical curve, hut the other two are 
lower by about 0*5 per cent, which is less than 
the probable error of experiment. 

A. W. Smith’s values {®) are systematically 


I higher than both Griffiths’ and Henning's. 
' His point at 100° C. was obtained by slow 
I evaporation, and is nearly 1 calorie higher 
I than Joly's value. 

j He expressed his result in joules per gram, 
i assuming the E.5LF. of the Weston cell to 
; be 1 *01888 at 20' C. Callendar has reduced 
, Smith’s values to the mean calorie by taking 
I the E.5LF. of the Weston cell to be 1*0183 
I volts and the mean calorie to be 4*187 
! joules. 

I § (6) Formtlae for Variation of Latent 
I Heat of Steasi w'ith Te^hpeeatfre. — ^5Iany 
I empirical formulae have been proposed iot 
! the representation of the variation of latent 
i heat of steam with temperature, and of these 
! the most satisfactory appears to be that of 
j Thiesen. 

j This expre^on is based on the accepted 
j view that the latent heat must vanish at the 
; critical temperature (f,). So that L = - f )i 

I where Lj is a constant representing the value 
] of L when ip - t=l. 

! The index varies slightly for different 
substances. 

' Henning found that he could represent his 
j residts for water below 100° C. by a formula 
; of this type, but assumed a critical temperature 
, 9° C. too low. 

! Jakob and Davis, in reducing specific heat 
j results above 100° C., employed the same 
j form. 

; Callendar has recomputed these formulae, 

' using the experimentally determined value of 
I the critical point, viz. 374° C., and keeping 
: the same index and the value of L at 100° C. 

J given by the original formulae. Taking the 
; logarithmic form for convenience, Henning 
i formula reduces to 

j Log L = 1*96955 + 0*31248 log (374 - i). 

I Davis and Jakob formula becomes 
i Log L = 1-96*93 + 0-3150 log (374 -J), 

assuming L =539*3 at 100° C. 

] Callaidar, basing the constants of the 
I formulae on the observations of Ifieterici and 
: Joly for the latent heat at 0° and 100° C. 
respectively, obtains the following result ; 

Log L = 1*97145-F 0-31192 log {374-0- 

! He, however, prefers for use in computa- 
I tions dealing with dry saturated steam the 
I theoretical formula for the total heat H 

i H=0-4772T-SCi>-i464, 

; where S is the specific heat at saturation 
' pressure p, T the absolute temperature, and 
; C the Joide Thomson cooKng effect, i.e. the 
ratio of the fall of temperature to the fall of 
I pressure in a throttling process at constant 
I total heat. 
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A comparison of the data obtained by 
computation from the formulae is given in 
Table IV. 

Table 

Values of L 


Temp 

1 Callendar. 

Theoretical! Thiesen 
Formula. T3T>€. i 

1 1 

! 

1 Henning. 

Davis 
and ! 
Jakob, j 

0° 

594-3 

1 

594-3 

593*7 

594*8 i 

20 

583-8 

584-2 

583-6 

584*6 

: 40 

573-2 

573*7 

573*1 

574*0 j 

60 

562-3 

562*7 

562-2 

562-9 j 

80 

551-1 

551-3 

550*7 

551*4 i 

100 

539-3 

539-3 

538-7 

539-3 

120 

526-9 i 

626-7 

526-1 

526-6 

j 140 

513-6 j 

513*4 

512-8 

513*2 ' 

1 160 

499-3 1 

499-3 

498-7 

498*9 ■ 

1 180 

483-9 

484*2 

483-6 

483*7 , 

200 

467-4 

468-1 

467*4 

467*4 i 


In Fig. 4 the full line represents the form of the 
theoretical formula, while the dotted line is the 
Thi^en tjpe. The latter agrees with the theoretical 
form within 1 in 1000, intersecting at 160^ and again 
at 260= C. 

Davis and Jakob formula agrees with Callendar^s 
within less than 1 in 1000 from 100° to 200°, and 
within 1 in 5000 from 200° to 230°, and the difference 
is still very small at 250° C. 

Callendar’s formula for the total heat, which 
applies to dry steam in any state, superheated or 
supersaturated, has been extrapolated by him to 
259° C., although the direct experimental evidence 
does not extend beyond 180° C. 

It is reasonable, however, to suppose that the 
extrapolated values are sufficiently accurate for 
practical purposes at higher temperatures, because 
the calculated values of the saturation pressure (which 
depend on small differences and afford a very severe 
test of the theory) also agree with observations to 
within leas than 1° C. at 250° C. 

§ (7) Heat of Vaporisation of Ammo2!OA. 
— O-vving to the extensive use of ammonia in 
refrigerating plants, a knowledge of its thermal 
constants is of considerable practical import- 
ance. The latent heat has frequently been 
calculated by thenuodynamic formulae from 
other properties more easily measured, but a 
number of direct determinations have also 
been made, and the following summary has 
been given by Osborne and Van Dusen : ^ 

Regnault ^ published a record of twelve 
experiments saved from the ruins of his 
laboratory, destroyed during the siege of 
Paris in 1870. The apparatus consisted of 
two calorimeters — the first, or evaporation 
calorimeter, in which the ammonia was allowed 
to evaporate from a steel container and flow 
through a chamber containing baffle-plates; 
and the second, or expansion calorimeter, in 
which the ammonia vapour from the first 

^ Set Paper Bur. Stds. Xo. 315, 1917. 

• Ann. Chim, Phys., 1871, xxiv. 375. 


I calorimeter was allowed to expand to atmo- 
I spheric pressure. The capacity for liquid 
i ammonia in the first calorimeter was 246 c.c. ; 
i but it was filled with various amounts, ranging 
j from 17 to 134 grams iu difierent experiments. 

1 In each experiment the ammorda was com- 
! pletely evaporated and aH vapour expanded 
! to atmospheric pressure. The observed fall 
j in temperature of the water in the first calori- 
j meter varied from 1*7° to 13°, and in the 
j second it was usually less than 1°. From the 
data obtained in the first calorimeter Regnault 
calculated a quantity X, which is the heat 
required to change 1 gm. of saturated liquid 
ammonia at the initial temperature and 
pressure to vapour at the mean temperature 
of the experiment and at a pressure equal to 
the pressure iu the expansion chamber of 
the first calorimeter. He stated, however, 
that it is better to combine the results of the 
two calorimeters, and so proceeded to calculate 
another quantity X', which is the heat 
required to change 1 gm. of saturated liquid 
ammonia at the mean temperature and 
pressure to vapour at the mean temperature 
and at atmospheric pressure. 

Regnault’s results have been variously 
interpreted by different writers. Holst com- 
puted the latent heat of vaporisation from the 
observation in the first calorimeter and ignored 
the partial expansion below saturation pressure 
which occurred there. As a mean result he 
obtained 296 calories per gram at 12° C. 
Jacobus® computed the latent heat of vapor- 
isation from the observations in both calori- 
meters and obtained as a mean value 290 
calories per gram at 12° C. Landolt and 
Bomstein ^ give values from Regnault’s data, 
the mean value at 12° C. being 294*5 calories 
per gram. 

Von Stromhech^ used the same type of 
apparatus as Regnault and obtained from 
twelve experiments a mean value of 296*5 
calories per gram at 18° C. 

Estreicker and Schnerr,^ according to Landolt 
and Bomstein, determined the heat of vapora- 
tion at the normal boiling-point and obtained 
a value of 321 calories per gram at -33*4° 0. 

Franldin and Kraus ^ determined the heat 
of vaporisation at the normal boiling-point. 
The apparatus consisted of a Dewar flask 
containing a liquid bath and a glass evaporating 
cell, each supplied with a platinum heating 
coil. The energy required to evaporate a 
certain volume of liquid ammonia was 
measured and the mass computed from the 
volume evaporated, using the value 0*674 for 
the density. The mean result from three 

® Trans. A.S.M.E., 1890, xii. 307. 

* Phys. Chem. Tabellen, 1912. 

* Jour. Franklin Inst.^ 1891, cxxxi. 470. 

“ Bull, de rAc. de Cracovie^ 1910, p. 345 ; Phys. 
Chem. Tables, 1912. 

^ Jour. Phys. Chem., 1907, xi. 553. 
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experiments -vras 341 calories per gram. ’ The apparatus ^ consisted of a metal shell 
Recomputed, using more recent data for the ' with a re-entrant tube containing a heating 
density {0-683), the mean value becomes 337 ! cod and resistance thermometer ; while the 
calories per gram. This result is the same as j annular space contained the liquid ammonia. 


Table V 


Heat of Vapobisatiox of AscMomA rsr CALORiESgo per Gbau computed by various Writers A^'I^ given 

IN THEIR Ammonia Tables 


Temperature. 

Ledoux, 

Peabody, 

Wcwxl, 

Zeuner, 

M.jUier, 

1 I>ieterici, 

Wobsa. 1 

= F. 


1878. 

1889. ' 

1889. 

1S90. 

1895. 

1904. 

11*08. ; 

= C. 




1 

- 40 

~ 40 

33,5-2 

332 

322-0 

333-0 

332-7 


i 

— 22 

- 30 

330-5 

324 

316-0 

329-9 

330-6 


, 324-3 ! 

- 4 

- 20 

325-3 

316 

309-9 

325-8 

327*2 


317-0 1 

4- 14 

- 10 

319-7 

308 

303-S 

320-8 

322-3 


309-0 1 

-r 32 

0 

313-6 

3<X> 

297-6 

314-9 

316-1 

, 309-7 

300-4 ! 

+ 50 

+ 10 

307-2 

292 

291-3 

308-0 

308-6 

298-4 

290-9 : 

-i- 68 

+ 20 

300-3 

284 

2S4-S 

3iJ<J-l 

299-9 

2S.5-4 

: 280-6 j 

-f 86 

+ 30 

293-0 

276 

278-4 

291*3 

289*7 

272-2 

269-4 ’ 

+ 104 

+ 40 

285 3 


271-9 

281-6 

278*0 

258-3 

257-4 j 

+ 122 

+ 50 

-- 


265-3 

i 


243-6 

244-6 i 

1 

+ 140 

+ GO 



258-6 



227-9 

1 

1 

+200 

- 93-3 


•• 




165-2 

! 

’ * 1 

*250 

-12M 

. . 







-^270 

+ 132-2 








Temperature. 

1 

Hybl, 

; i 

1 Macintire, i 

Lucke, 

. Mesher, 

Holst, 

Keyes, 

Osborne j 

1 and * 



1 1011. 

! 1911. 1 

1912. 

j 1913. 

! 1015. 

, 1916. 

Van DusenJ 

“F. 

»c. 



< 

i 

i 

1 1917. ! 

- 40 

- 40 



335-3 

; 334-4 

328*5 

! 342-0 

: 331*7 } 

— ‘ 22 

- 30 

1 325-2 

! 327-9 

328-1 

: 327-1 

322-5 

33.3-6 

I 324*8 i 

- 4 

- 20 

31S-2 

i 320-8 

320-9 

: 319-6 

31C-0 

; 324-9 

317*6 I 

+ 14 

- 10 

{ 310-7 

313-0 

313-1 

311-8 

309-0 

315-7 

! 3(»9-9 1 

+ 32 

0 

302-6 

1 304-4 

304-6 

i 303-6 

301-4 

306-0 

1 301-S j 

+ 50 

+ 10 

293-7 

* 295-0 

294-8 

' 295-0 

i 293*2 

296-0 

293*1 

+ 68 

+ 20 

! 284-2 

' 284-7 

284-6 

; 285 -9 

284*4 

i 285-5 

' 283*8 

+ 86 

^ 30 

274-0 

1 273-5 

273-5 

; 276-4 

274-8 

: 274-4 

' 273-9 

+104 

+ 40 

, 263-0 

1 

261-4 

266*2 

, 264-2 

262-7 

263-1 

+ 122 

+ 50 

1 - 

i 

248-3 

i 

; 255-4 


j 250-2 

251-4 

+ 140 

+ 60 

1 

I 

i 

j 234-7 

i 243-7 


! 236-8 

j 

+200 

93-3 

i 

! 

176-7 

195-3 

1 

lSl-9 

! 

+250 

+ 12M 



i 

1 127-6 

i 

i 

J 

+270 

-r 132-2 

i 



1 61-2 


! 

1 

i 


Ledoux Annaleg des Mines, 7ih series, ISIS. xiv. 205. (Translation by Denton, Jacobus, and 

Eiesenberger, under title of Machines, D. \ an Nostrand Co. (1892), p. 173.) 

Molliei, Zeit. ges. Kalte Ind., lS9o. M. 91. ^ ,.r i- i 

Wood Thermodifnamics, Heat Mdors, and Refrigerating Machines, ed. 1000, p. 460. 

Zeuner, 1901. u. 18 (appendix) 

Dieterici Zeit ges Kdlte Ind., 1904, xi. 24. Wobsa, Zed. ges. Kalte Ind., 190S, xv. 11. 

Peabodv, Steam and Entropy Tables (1909), p. 72. Macinte. Ice and mrigeration, 1911, xh. 44. 

Hybl Zeit ges Kdlte Ind., 1911, xviii. 165. Lucke, Engineering Thermodynaniws (1912>, p. 603. 

Marks, A.S.R.B. Trans., 1912, viii. 208.^ . 

(joodenough and Mosher, Z7hi>. of TU. Bull., 1913, Ixvl 
Holst, jBidZ. Assoc- -fut. du Prmd, 1915, li. . . , . , 

Keyes and Brownlee, Thermodynamic Properties of Amimma (1910), 1916. 


that deduced by Franklin and Ejaus from the 
absolute boiling - point and the molecular 
elevation by van’t Hoff’s formula. 

Osborne *and Van Dnsen redeterm i ned the 
latent heat of ammonia by an electrical 
method. 


The results may be expressed by the formula 
L = 137-91 \T3f^ - 2-466(133 - B) 
over the temperature range 

-42° to -f 52° C., 

^ See Pig. 3, “Calorimetry, Electrical Methods," § (7). 
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in which, the latent heat is expressed in joules 
per gram required to convert saturated 
liquid into saturated vapour at constant 
temperature. 

If the latent heat is required in calories 
(20° C.) per gram, and 1 calorie is assumed 
equal to 4T83 joules, then the expression 
becomes 

L=32-968 N'133-e - 0-5899(133 - B). 

§ (8) Heats of Yapoeisation of 
Caebon Dioxide, Sulphtje Dioxide, axd 
Niteous Oxide. — Mathias^ determined 
the latent heats of the above compounds 
by a method in which the temperature 
of the calorimeter was kept constant, 
and measured the heat absorbed by 
carefully adding concentrated sulphuric 
acid. 

TTist results for carbon dioxide are of great 
interest, for they extend from 6*65° to 31-16°, 
or almost to the critical temperature. The 
carbon dioxide contained 0*75 per cent of 
air, which would cause the critical tem- 
perature to be rather lower than the true 
value, 31*35°. The formula deduced by 
Mathias from his results, 

L = 118*485(31-0 
-0-4707(31 -0^ 

gives L=0 at 31°. 

So the experi- 
ments may be 
taken to prove the 
heat of vaporisa- 
tion does really 
become zero at 
the critical point. 


n. General Methods for 

Latent Heat Detersiina- 

TIONS 

§ (9) Organic Liqttids. — 

The value of the latent heat is 
a physical constant frequently 
required in the case of organic 
liquids, and Regnault’s method 
is scarcely applicable when the quantity of 
the material is limited and the experi- 
ment has to be conducted with reasonable 
facility. 

(i.) Berth elofs Method . — ^To meet these re- 
quirements Berthelot devised the apparatus 
shown in Fig. 5.^ 

The flask containing the liquid under ex- 
amination is heated by a circular gas burner 
Z, burning under a metallic disc The 

centre of the flask is traversed by a wide 

^ Jaur. de Phys., Nov. 1905. 

“ Preston, Theory of Beat, 3rd ed.. Fig. 99, p. 
365. 


tube TT, through which vapour descends 
into the calorimeter, where it condenses in 
the spiral SS and collects in the reservoir 
R. The calorimeter is placed inside a water- 
jacket, and is protected from the radiation 
of the burner by a slab of wood covered 
by a sheet of wire gauze. By means of 
this arrangement partial condensation is 
avoided before the vapour entera the calori- 
meter, and the error arising from conduction 
is roughly corrected for by observations of 
the temperature of the calorimeter before 
the distillation commences and after it is 
completed- The weight of the liquid 
condensed is usually about 20 to 30 gm. 
at most, and the time occupied is only 
from two to four minutes. 

By this means Berthelot foxmd for 
the latent heat of water the 
value 536, while the accepted 
value is 540. The close agree- 
ment with Regnault’s value 
(537) is probably fortuitous, 
since Berthelot’s apparatus 
is not reliable to better than 
about 3 per cent. 

This form of apparatus has 
the great defect that it is 
almost impossible to avoid 
the superheating of 
the vapour owing 
to the proximity of 
the central tube to 
the flame. The 
flame, moreover, 
causes disturbances 
of the calorimeter 
and thermometer 
by its radiation 
unless carefully 
shielded. 

(ii.) Hartog and 
Harher ® made a 
careful study of 
the Berthelot ap- 
paratus, and by 
modifying the ar- 
rangement were 
able to reduce the 
two sources of error due to (1) vapour 
passing over before the liquid actually 
reached the boiling-point, (2) the disturb- 
ance at the end of the experiment, caused 
by the removal of the boHer from the 
vicinity of the calorimeter, for it is assumed 
in Berthelot’s form that the correction for 
the heat given during the condensation period 
can be obtained by observation of the rate 
of cooling after the boiler and flame are 
removed. 

* Memoirs and Proceedings Manchester Literary 
and Phiiosojphicat Society, 1895-96, x. ; iMd., 1893-94, 
viii. 
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Their modification is shown in Fig. 6. The ; hut, of course, too small a flame made the 
boiler consists of a flask A, through which I determination too slow, while too large a 
the tube BC passes centrally. The upper ' flame rendered the initial and final corrections 
end of BC is ground conically to fit into a | too high. The calorimeter and its jacket, 
hollow cap D, which is itself attached by a ! and the thermometer, were protected from 
glass rod to the movable bell E. This bell ; excessive radiation by means of screens of 
fits loosely into a rim, which is ' asbestos board. 



filled with mercury so as to form 
a lute. The hell and cup may 
be thus raised or lowered at will, 
so as to open or close the valve 
at C, through which the steam 
passes downwards through CB 
into the cundensing worm W. 
At F a side tube is connected 
with a condenser, if desirable. 


(iii.) TrautZy IkFhendy and Vogel . — To 
prevent the liquid superheating, Trautz and 
Bechend ^ used an electrically-heated wire as 
a ‘‘ boiling accelerator ” when they were 
determining the latent heat of siilphuryl 
chloride. With a similar apparatus Vogel* 
later measured the latent heat of isopentane 
(bofling-point, 27" to 2S"). In order to obtain 
a really constant temperature he did not heat 


riG. 6. 


by means of an india - rubber | the flask directly by a flame, but placed it in 
tube fitted with a clip. The j a water-bath which was heated by a small 
tube at F is kept open during ' flame enclosed in an asbestos box. The 
the preflminary period; it is i apparatus is shown diagrammatically in Fig. 
shut just after C is opened, and ! 7, A glass spiral B, which ends in a flask 
open^ again just before G is ! C, is connected to the boiling vessel A as 

shown- This flask is connected bv a tube 


closed, so that at no period does the internal 
pressure exceed that of the atmosphere. The 
end B of the tube BC is ground into the 
upper end of the condensing worm, of which 
the construction differs slightly from that of 
Berthelot. The steam in the apparatus enters 
the condensing worm by the straight portion, 
and not by the spiraL They found this altera- 
tion necessary 2 ^, otherwise, after the closing 
of the valve, 
the air entering 
the worm tends 
to drive the con- 
densed water 
back into BC. 

The lower 
half of A was sur- 
rounded by a piece of 
copper gauze bound 
on with asb^os 
string. The project- 
ing portion of the 
tube BC was sur- 
rounded by asbestos 
and by a leaden 
steam-coil wrapped 
closely around it. 

The boiler was heated by a small ring 
burner, of which the flame was kept at a 
constant height from the moment of lighting 
till it was extinguis h ed. The gas was passed 
first through a iloitessier glycerine regulator 
(which maintained the pressure constant to 
within half a millimetre of water), and then 
through a tap fitted with a long handle 
moving in front of a graduated circle. 

These precautions are necessary for accurate 
measurements, as variations in the hoght of 
the flame naturally cause the radiation to the 
calorimeter to vary. They were able to 
regulate the amount of this radiation at will ; 



D with a volume of air contained in flasks H 
of 120 litr^ content. The pressure in H is 
measured by means of a mercury manometer. 
In order to prevent the possibly uncondensed 
vapour from the flask C reaching H, a second 
condensation flask with glass spiral is inserted 
in the circuit and is cooled in a Dewar vessel 
by means of a mixture of carbon dioxide 
snow. This apparatus is especially suitable 
for substances such as suiphtuyl chloride, 
because the vapour never 
comes into contact with 
rubber but only with 





glass ; the mercury manometer measuring the 
pressure is also protected from the chemically 
active vapours by a U-tube filled with caustic 
potash- 

The calorimeter is fiUed with 1200 c.c. of 
water, in which B and C are placed. It is 
built up of three beakers ; the two smaller 
beakers were silvered inside and stood on 
pieces of cork, the outer beaker stood in a 
box covered outside with tin -foil and filled 
with diatomaceous earth- The wooden lid 
covering the calorimeter was also covered 

^ Zeitsckr. f. Elfitrochemie, 1908, xiv, 275. 

* Zeit^hT. f. physibal. Chemie. 1910, Ixxiii, 445. 
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with tin-foil in order to reduce the radiation. 
A circular opening in the hd, made for the 
passage of the parts of the apparatus, was 
closed during the experiment by three layers 
of cardboard covered with tin-foil, which were 
separated from each other by insulating layers 
of air, and only contained the necessary 
openings for connecting tubes, thermometer, 
and stirrer. The stirrer consisted of two ring- 
shaped brass plates cut out obliquely in the 
form of an H. The rings, 6 cm. apart, were 
soldered to two wires, which, in order to 
obtain better thermal insulation, were con- 
nected above to two pieces of glass tubing 
cemented together. The space between the 
spiral and the wall of the beaker was almost 
entirely occupied by the stirrer. Before an 
experiment the desired pressure was obtained 
in the artificial atmosphere by means of an 
air pump. 

The amount of heat measured in the calori- 
meter Q is made up of the latent heat and 
the heat which the liquid gives off while 
it is cooling from its boiling-point down 
to the temperature If W is the amount 
of vapour, L its latent heat, and c the average 
specific heat of the fluid in the region of 
temperatures ti to tg, then 

Q = WL 4- Wc(fi - 

and the latent heat of the fluid. 

The specific heat of the fluid must, there- 
fore, be known in order to obtain the latent 
heat. 

(iv.) Rarnsay and Marshall.^ — Sir Wilham 
Eamsay and Miss D. Marshall employed an 
exceedingly simple and convenient apparatus 
for the determination of the heat of evapora- 
tion of different liquids at their boiling-points. 
The apparatus consisted essentially of a glass 
bulb with a heatiug coil inside. This was 
surrounded with a jacket of the vapour of 
the liquid at the boiling-point. The heat 
necessary for evaporation was supplied elec- 
trically, the quantity evaporated being 
determined by the loss of the weight of the 
liquid from the bulb. In their experiments 
they employed a duplicate set of apparatus 
connected in series, and obtained the latent 
heat as a ratio from the known value of the 
one substance taken as standard. This 
method is such that the procedure enabled 
the experiment to be carried out without an 
exact knowledge of the values of the electrical 
units, except so far as it was necessary to 
correct for the unequal resistance coils in the 
two vessels. In using the method at the 

^ Phil Mag., 1896, xH. 38. 


present day it would probably be preferable 
to employ a single unit and deter min e the 
energy generated in the heating coil with 
precision electrical instruments. One ad- 
vantage of the method is that no correction is 
necessary for heat loss. 

The apparatus is shown diagrammaticahy in 
Tiff. 8. The bulb had a fine spiral platinum 
wire, the ends of which were attached to stout 
platinum terminals sealed into the glass ; the 
terminals were gilded and amalgamated. The 
upper end of each bulb was drawn out into a 
rather narrow open tube through which the 
liquid could he introduced, and which could be 
closed to prevent loss during weighing. This 
bulb was set up in an ordinary vapour jacketing 
arrangement provided 
with side bulb and 
condenser. The jacket 
was closed at the 
bottom by an india- 
rubber cork through 
which passed two 
U-tubes containing 
mercury. The ter- 
minals of the heating 
coil rested on the inner 
ends; into the outer 
ends dipped the wires 
carrying the current. 

The cork was protected 
by a layer of mercury 
so that it could not 
come into contact with 
the liquid. Each lamp 
was jacketed by a 
vapour of its own 
liquid so that the Seating Coil 
temperature of its con- Tig. 8. 

tents could be raised 

to the boiling-pomt without ebullition taking 
place until the current was switched on. 
In performing an experiment the liquid in 
the side bulb of the jacket was first caused to 
boil, and the current was not switched on 
until the contents of the lamp were judged to 
have reached the temperature of the condensing 
vapour. If this were so the hquid would pass 
into tranquil ebullition the moment the circuit 
was operated. It was generally found advis- 
able to drop into the lamp a little glass 
capillary tube to provide a starting point for 
boiling, as most of the Hquids showed a great 
tendency to be superheated and bump. A 
small correction was necessary for the loss of 
liquid before the boding-point was reached, 
and this was determined by separate experi- 
ments. 

The original intention was to use water 
as the standard of comparison, but so 
many practical difficulties arose in con- 
nection with this that it was decided to 
adopt benzene. 
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§ (10) Latent Heat of Etaporation 
OP Benzene. — To obtain absolute value 
of the latent heat of benzene Griffiths and 
MarshaU^ employed the apparatus shomi in 
Fig, 1. 

The procedure was exactly the same as 
that adopted in the case of water and the 
following values w'ere obtained : 


Temperature 
(^STitrogen Scale). 


Table VI 

TT 


Lat#"nt of Beczene * 
f Unit = calorie at 17y C.). i 


These figures <x)rr^pond closely with the 
linear formula 

L = 107'05-0*15Sf. 

A s su m ing this formula to hold up to 80-2^ C., 
the boilin g -point of the benzene at atmospheric 
pressure, we get as the latent heat of vaporisa- 
tion of benzene at its boiling-point 

L = 94-34, 

expressed in terms of the thermal imits at 
15° C. This does not differ .very much from 
the direct determinations of R. Schiff ® (93-4) 
and K. Wirtz ® (92-9), using the Berthelot 
type apparatus. 

§ (11) Discussion of Latent Heat Data-* 
— ^Numerous attempts have been made to 
connect the value of the latoit heat of a 
sul^tance with its other physical properties. 

(L) Trouton. — The be^- known generalisa- 
tion is that of Trouton,^ which states that 

=constant, 

where L is the latent heat, 31 is the mdecnlax weight, 

T the abaointe temperature. 

This law is true for members of the same 
chemical group such as the hydrocarbons, I 
etc., but is not true for widely different ; 
substance as Table VIL shows. j 

The law also applies to metals and inorganic J 
substances with a different constant, a few ^ 
values of which for representative groups | 
is given below : i 


Hg, Cd,Zn,K* . . 19*36 to 20-20 

P, PCT 3 , COj, HjS, . 21-2 to 21*4 

S, SiCV Hg . . . 21-6 to 22-0 

Brjs, BI . . . .23-0 

ivHs 23-6 

Tan Aubel, Com^. rend,, 1913, clvi. 456. 


It was shown by Despretz in 1S23 ^ that 
sf»ine relationship of the form given above by 
Trouton held, and later Pictet (1876), Ramsay 
(1877),' rediscovered it independently, but 
it is nrw generally referred to as Tnju ton’s 
law although his paj>er ondv appeared in 
1884. 

Tvbie Xll 


^ PhU. J/og., 1S96, xlL 1. 

* Liebigs Ammlen^ 1886, crxxxiv. 338. 

» Wied. AnvL., 1890, xl. 438. 

* See also Stok}imm€ir^, by Sidney Young (Long- 
mans, Green, 1918). 

* PhU. Mag. xviiL 54. 


! 

i 

Latent 

Heat.* 

Bnilinji- 

point. 

xML 1 
; ' 

j Benzene . . . 

94 '4 

80-2= 

; 20-65 i 

; Tolnene 


110-8 

! 20-61 i 

1 Metaxyiene . . 

82-8 

138-5 

I 21 - 0.3 ; 

J Water .... 

53ti-6 

lOO-O 

! 25-64 ; 

' Alcohol. . . . 

216-5 

78-2 

28-09 1 

,1 Acetic acid. 

97-^1 

118-5 

14-72 ! 

{ Idethyl formate 

ilO-l 

31-8 

! 21-45 i 

■ Ethyl formate . 

94-4 

54-3 

i 21-13 

Methyl acetate 

97-0 

57-1 

21-53 

, Propjd formate . i 

9<J-2 

, &f)-9 

22-38 j 

; Ethyl ar-cutte - . ! 

SSi 

, 77-15 

! 21-93 i 

j Methyl propionate 

89-0 

79-7 

i 21-99 1 

' Propyl acetate 

83-2 

1 101-2.5 

22-45 I 

i Ethyl propionate . 

Sl-8 

1^9*2 

22-22 

1 Methyl butyrate . 

79-7 

102-7 

21-43 

1 Methyl isobutyrate 

! 7o-0 

92-3 

! 20-74 * 

j Methyl alcohol 

261-6 

i 64-7 

: 24-8 j 

1 Formic acid . . 

i 12U-4 

. 100-6 

' 14-8 i 

j Chlcuofonn . . ; 

58-4 

1 61-5 

i 2 j)- 8 j 

AnjlmA , . , . 

113-9 

1 184-0 

, 2^-2 \ 


* Correction required in some cases owing to 
evapomtion of the liquid during the heating to the 
boiling-point, but correcticn probably of the same 
carder as the eirois of experiment. 

(ii) Mills. — In more recent years the theory 
has been developed a step further by J. E 
who has deduced the expression 

L-Ei 

— ' '■ = constant, 

v’Px- "■ \Py 

where L=latent heat of vaporiaation, 

=heat equivalent of external work. 

Henoe L — is the internal heat of vaporisation. 

I pL and pv are the densities of liquid and saturated 
I vapour respectively. 

i The formula is based on the following assumptiona : 

I (1) The molecules are evenly distributed. 
i (2) The number of mdecuies does not change 
i during vaporisation. 

I (3) No energy expended in intra - molecuiar 
I work. 

I (4) The force of attraction does not vary with 
j temperature. 

; (5) The mcdecular attracticm varicfi mvenK"Iy as 

the square of the distance. 

In connection with assumption (5) Mills points 
out that if the other assumptions are correct the fifth 
fellows. 

• Ann. Chim. PTigi., 1823, xxiv. 323. 

’ Phil. Soc. Glasgow. 

I ‘ Jour. Phgs. €hem., 1902, \-i. ^>9 ; 1904, 

■ 383 and 593 ; 1905, ix. 402 ; 1906, i. 1 : cf. Appleby 
1 and Chapman, Tram. Chem. Soc., 1914, cv. 734 ; • 
1 Sutton, PkU. Mag., 1915, xxlx. 693, 
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Mills, in testing the formula, obtained values 
of L over a wide range of temperature by 
calculation from the thermodynamic equation 

T V & 

where L= latent heat, 

T = the absolute temperature, 
dpi dt = the rate of increase of vapour 
pressure per degree. 

Yy and Vl* volumes of saturated vapour and 
liquid. 

Of 31 substances examined, 8 gave abnormal 
results. The measurements in the case of 3 
were not altogether satisfactory, while the 
remaining 5 exceptions (water, 3 alcohols, and 
acetic acid) were abnormal in several of their 
physical properties. 

From the remaining 23 substances it was 
possible to calculate 378 values of the constant. 
Mills found that the mean value was within 
2 per cent for 349 cases, and 29 cases of 
divergencies were possibly due to errors of 
measurement. 

§ (12) Supplementary References to 
I.1ATENT Heat Determinations. 


m. Latent Heat op Fusion 

The latent heat of fusion of any substance 
is defined as the quantity of heat required to 


convert unit mass of the solid at the 
melting-point into liquid at the same tem- 
perature. 

A variety of methods have been devised 
to determine this physical constant, the 
substance usually studied being ice. 

§(13) Heat op Fusion op Ice, — BlacJc, 
in 1762, made a rough measurement and 
obtained the value 79-7 calories, and to him 
is also due the credit of first drawing a 
clear distinction between specific and latent 
heat. 

In 1780 Lavoisier and Laplace made some 
experiments in which they determined the 
amount of ice melted by a known weight of 
water cooling through a known interval of 
temperature. The heated water was enclosed 
in a thin metal sphere, and it required sixteen 
hours for the sphere and its contents to reach 
equilibrium temperature with the ice on immer- 
sion in the calorimeter. 

Although the method of experiment was 
obviously unsatisfactory, the value they gave 
— 75 calories per gram of ice melted — was 
accepted for the next sixty years. 

§ (14) Determinations by “Method op 
Mixtures.” (i.) EegnauU, in 
1842, applied the “ method 
of mixtures” to the problem. 
His first experiments were 
made with snow cooled 
slightly below 0®. The snow 
was immersed in the calori- 
meter and the change of 
temperature of the water 
observed. The value 79*2 
calories was obtained for the 
latent heat. Other experiments 
with small blocks of ice gave 
79-06 calories. 

The following year La Pro- 
vostaye and Desains ^ published 
an account of their experi- 
ments by a similar method, and 
gave the value 79-01 calories. 
Although considerable care was 
taken to eliminate the usual 
sources of error in calorimetric 
work it is not quite certain 
that sufficient care was taken 
to remove all traces of moisture 
adhering to the ice before 
immersion in the calorimeter. 
Their value is imdoubtedly too 
low. 

(ii.) Hess, in 1848, employed 
the same method, hut cooled 
the ice several degrees below 
0° C. to ensure the absence of 
adhering moisture. This pro- 
cedure necessitated a determination of the 
specific heat of ice. 

^ Ann. de Chimie, 3e, 1843, 'vnii. 5. 


Table YIH 


Observer. 

Method. 

Eeference. 

Wirtz .... 

Joly steam calori- 
meter 

Wied. Anru, 1890, xL 438 

Wehnelt and 
Mnsceleanu 

Electrical method 
suitable for high 
temperatures 

Deutsch. Phys. GeseU., 
1912, xiv. 1032 

Jahn .... 

Ice-calorimeter 

Zeit. physilc. Chem., 1893, 
xi 788 

Fletcher and 
TyrOT . . . 

Electrical method 

Trane. Chem. 80 c., 1913, 
ciiL 517 

Kahlenberg , . 

Electrically heated 
platinum wire 

Joum. Phys. Chem., 1901, 
V, 215, 284 

Shearer . . . 

a> 

Phye. Bev., 1903, xvii. 
469 

J. C. Brown . . 

- 

Trans. Chem. Soc., 1903, 
Ixxxiu- 987 

Estreicher. , . 


Zeit. physik. Chem., 1904, 
xlix. 597; Acad, Sci. 
Cracovie BuU., 1910, 

! viLA 345 

Dewar . . . 

Metallic spheres 
of known heat 
capacity dropped 
into liquefied 
gases : volume of 
gas measured 

Chem. News, 1895, Imri. 
192 

Behn .... 


Drude'a Ann., 1900, i, 
270 




LATENT HEAT 


m 


The value obtained for the latent heat 
of fusion was St)-3 calories. Two years later 
Person ^ obtained the value S0*O calories by a 
similar method. 

(iiL) BogojawlemlyJ^ in 1904, employed 
mercury as calorimetric medium. The results 
of 6 experiments range from 79-41 to 79-91 
with a mean value of 79-61. i 

He also determined the specific heat of | 
ice over the range from — 85^ C. to — 5-5^ C. i 
This constant was required for the reduction ; 
of the results of the latent heat experiments ^ 
in which the range of temperature of the ice ; 
was from — 10" to 0". The value obtained for | 
the specific heat of ice was 0-52. 

(iv.) Dickinson, Harper, and Osborne^ em- 
ployed both the “method of mixtures” and 
an electrical method. 

Samples of ice were prepared in the form 
of hollow cylinders and were cooled to a 
uniform temperature of either -0-72° or 
-3-78°. 

Experiments on 92 samples of ice did 
not , indicate any variation in the latent 
heat with the mode of preparation of the 
sample. 

Observations on ice contaminated with 
a mixture of ammonia, sodium chloride, and 
calcium chloride to the extent of abont 
1 part in 1000 gave results about 1*4 per cent 
lower than for pure ice. 

The mean of 21 determinations of pure ice 
gave the value 79*63 calories for the latent 
heat. 

§ (15) DETEBMIXATI025B BY HEA2^S OF THB 
IcE-CAiiOBiMETEB. — In 1870 Bunsen devised the 
ice-calorimeter which hears his name. Know- 
ing the change in volume on the mating of 
a known quantity of ioe, the lat©at heat of 
fusion may be determined by experiments 
with the ice- calorimeter as shown by Bunsen. 
He observed the w^ht of mercury drawn in 
when water at the boding-point was dropped 
into the inner tube. 

Bunsen found the value 80*025 for the 
latent heat (see article on “ Calorimetry, 
Methods based on the Change of State,” 


Table IX 

Observfrr. 

R<*fererif*e. j 

Density. 

Bunseu - | 

Goi. Abh. ill. 475 1 , cor- 
rected value) , 

j 0-9168 j 

, ZakrzeTski | 

Ann. dtr 1S92, 

(3), xivii. 155 

1 -91658 1 

Leduc . . 

Compf. rend., I9r>6, cxliL 

149 

1 

Nichols - 

Phys. Ret\, 1S99. viii 21 

( -9160310; 
\ -91795 1 

; Barnes 

Phy?. Re?'., IlKll, siii. 55 

-91649 i 

! Vincent . 

Php. Rti'., XV. 129 



He states the mean, excluding Nichols’ 
values, to be 0-9167, but uses Bunsen’s 
corrected value 0*9168, on the assumption 
that the conditions of producing the ice 
used in that density determination were 
nearly the same as those under which the 
ice-calorimeter is generaDy used- 

Applying this value to Behn's data Roth 
obtains for heat of fusion of ice 79-69 caLir/, 
simila rly for Dieterici's data 79-6^1 cal. 15 -. 

§ (16) Electrical Methods. — ^A. W. Smith,'^ 
in 191)3, applied the electrical method to the 
problem. 

The method employed by Smith may be 
described briefly as follows : The ice was 
: broken into small pieces, and cooled seversd 
j degr^ below zero. It was transferred to a 
I calorimeter, containing light oil, also cooled 
I below 0° C. The calorimeter was th«i wanned 
! slowly by a feeble electric current until the 
I temperatuTB was about 1 ° C- below zero. A 
I larger current was then applied for a suffi- 
: cient time to melt the ice, and raise the resulting 
[ water to half a degree above zero. The 
; electric energy had then been expended in 
I raising the temperature of the icc and the 
: calorimeter from - 1 ° C. to 0° C., in melting 
the ice, and in raising the water and calori- 
\ meter to 0-5° C. In addition some heat was 
i lost by radiation, conduction, and convection. 

' By suitable arrangements of the experi- 
f mental conditions all of these quantiti^ were 
; determined. 


§ (2))- 

B^th * has assembled the resnlts of a number 
of det^minatioiis of the density of ice and 
deduced a value to use in calculating the heat 
of fusion from the data of Behn® and erf 
Dieterici,® both of whom used the Bunsen ioe- 
caloiimeter. 

The density determinations reviewed are 
as follows ; 

^ Ann. de CMmie. 3®, 1850, xxx. 73. „ , - 

* Schrifttn der Dorpater yaiMsforseker CkseU^tiaji, 
1904, xiii. 

» Sri. Pajw, 209, 1913. (Contams a snmmaiT 
of previous wort.) 

‘ Zss.fur phm- Chem., 1908, Ixifi. 441. 

» Ann. der Phps., 1905, C4>, xvi. 653. 

‘ Ibid., 1905, p. 593. 


§ (17) Restjlis of ExPEBmEJsTS. — The 
results obtained by various observers for the 
latent heat of fusion of ice are summarised 
in Table X 

§ (18) Variation of Latent Heat of 
Fusion with Tempeea-TURB. — Person calcu- 
lated that the heat of fumon of a body is smaller 
the lower the temperature becomes. Petter- 
j son veiifled this in the case of ice, and found 
; that for 1 ° C. lowering of the mdting-point 
; of i(^ the heat of fusion was decreased by 
; 0*59 calorie as against 0-5 predicted by the 
theory. At - 6-5° C. observation gave a value 
' of 76-0 calories. 

5 

i ’ PhMS. Bep., Oct. 1903, Ko. 4, xviL 
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Table X 


Name. 

Date. 

Experiments. 

Temperature 
Bange of 
Water. 

Heat of 
Fusion. 

Black .... 

1762 

2 


80- 0 

79-7 

Regnault . 

1842 

4 


IG- 7 

79-24 

Reguault . 

1843 

13 


22-11 

79-06 

ProTOstaye and 






Desains . 

1843 

17 


24-10 

79-1 

Hess .... 

1848 

40 


19- 7 

80-34 

Person .... 

1850 

6 


16- 5 

80-0 

Bunsen. . - - 

1870 

2 


1 100- 0 

1 80-02 

Smith .... 

1903 

8 

{ 

Electrical 

method 

1 79-59* 

Bogojawlerisky 

1904 i 

6 


Mercury 

79-61 

Behn (calc, by Roth) 

1905 i 



.. 

79-69 

Dieterici( „ ) 

1905 



.. 

*79-60 

Dickinsoii, Harper, 






and Osborne . i 

1913 

21 

1 


Electrical 

79-63t 


* ilecalculated by Dickinson, Harper, and Osborne to the 15® calorie 
and the gram mass. .p « 

t Calories at 15® per gram mass. 


liATEm: Heat, Detebmination of. See 
“ Latent Heat.” 

Berthelot’a MetLod. § (9) (L). 

Hartog and Barker’s Method. § (9) (ii). 
Ramsay and Marshall’s Method. § (9) (iv.). 
Trautz, Bechend, and Vogel’s Method. 

§ ( 9 ) (“-)• 

By different observers not referred to in the 
text, tabnlated references to. § (12), 
Table VIH, 

Lateistt Heat of Vapotjb. See “Thermo- 
dynamics,” § (29). 

Lateeax Strains — ^Apparatus for IMeasctr- 
ING. See “ Elastic Constants, Determina- 
tion of,” § (57). 

Lead, Atomic Heat of, at lo'vr temperatures, 
Nemst’s values for, tabulated. See “ Calori- 
metry, Electrical Methods of,” § (11), 
Table \T. 

Lead, Specific Heat of, at various tempera- 
tures, tabulated, with the Atomic Heat. 
See ‘‘Calorimetry, Electrical Methods of,” 
§ (10), Table V. 

Leads, Coaipensateng, in Thermo-electric 
Pyrometer : lead wires of the same 
materials as those employed in the thermo- 
couple. See “ Thermocouples,” § (20). 

Least Action, Principle of. If the total 
energy of a system of bodies in motion 
remains constant, the sum of the products of 
the masses, the velocities, and the spaces 
described is a minunum. Thus Smjv.ds is 
a minimum. 

Lenoir Gas Engine. See “ Engines, Thermo- 
djmamies of Internal Combustion,” (§ 32) (i). 

Lifts, Hydraulic. See “ Hydraulics,” § (58). 

Lime, General Mechanical Properties of. 
See “ Elastic Constants, Determination of,” 
§ ( 154 ). 


LIQUEFACTION OF GASES 

An important part of the 
science of Refrigeration (q.v.) 
deals with methods of pro- 
ducing cold so extreme as to 
liquefy air and other so-called 
permanent gases. This, apart 
from its application to purposes 
of research, is now the basis of 
a considerable industiy, which 
employs the liquefaction of air 
as a step towards the separa- 
tion of its constituents, with 
the object of making com- 
mercial use of the oxygen or 
the nitrogen or both. To 
liquefy any pure gas the gas 
must be cooled below its critical 
temperature,^ which for oxygen 
means a cooling below - 118° C. 
and for nitrogen a cooling below 
- 146° C. Temperatures much 
lower than this have been reached by the 
methods hereafter described. Hydrogen, 
whose critical temperature is -235° C., has 
not only been liquefied (first by Dev^r in 1898) 
but solidified; its melting-point under atmo- 
spheric pressure is about -258° C. or 15° abso- 
lute. Even helium, the most refractory of all 
known gases, has been liquefied (first by Onnes 
in 1908) under conditions that lowered the 
temperature to within three or four degrees 
of the absolute zero. Its critical temperature 
is -268° C. These remarkable achievements 
became possible through the invention by 
Dewar in 1891 of the Vacuum Vessd, which 
secures thermal insulation by the use of two 
glass walls with a very perfectly exhausted 
space between them. On the inner surface 
of the outer wall Dewar deposits a film' of 
mercury, which greatly reduces the entry of 
heat by radiation. In such vessels liquid gases 
may be decanted and handled with ease, 
carried about from place to place, and even 
stored for short periods with no more than a 
moderate loss by evaporation. 

§ (1) Regenerative Cooling. — One way 
of reaching a very low temperature, originally 
used by Pictet and called the “ cascade ” 
method, which has done valuable service in 
•the hands of Dewar, is to have a series of 
vapour -compression refrigerating machines 
so connected that the working substance 
in one, when cooled by its own evapora- 
tion, acts as the circulating fluid to cool 
the condenser of the next machine of the 
series, and so on. Different working fluids 
are selected for the successive machines, so 
that each in turn reaches a lower -tempera- 
ture than its predecessor. The working fluid 
in any one machine is evaporated at a tem- 
^ See article “ Thennodynamics,” § (37). 




LIQUEFAmoX or GASES 


565 


perature whieh is lower than the critical , We may define Q as the quantity of heat 
mperature of the fluid that is used in the f which each unit quantitv of the gas W'oukl 
next machine of the series. Each machine ’ have to take up within ‘the apparatus if its 
as its compressing pump, condenser, and temperature m leaving the apjmratiis "were 
expansion. valve. Thus the first machine may made equal to its temj>erature on entry. It 
use, say, carbonic acid, letting it evaporate at measures the available cooling effect due to 
a temperature of - 80" C. or so. The next each unit quantitv of gas that passes through 
machine may use ethylene, condensing it in the apparatus. 

thermal contact with the evaporating carbonic , Suppose now that there is a counter-current 
acid, and letting it evaporate at about — 130" C. , interchanger by means of Tn hich the stream 
This in turn will serve for the condensation , of gas which has passed the orifice takes up 
of such a gas as oxygen after moderate heat from the stream that is on its way t<» 
compression in a third machine. the orifice, vith the result that the outgoing 

But it is in a different way that the com- stream, before it esc-apes, has its tcmi^emture 
mereial liquefaction of air and other gases . restored to Tj or very near it. This is easilv 
is actually carried out. The usual process is accomplished by having, 'within the a]q»aratus, 
a regenerative one, first successfully developed a long aj>prr>ach pipe ar worm through which 
by Linde, in which the Joule-Thomson effect the compressed gas passes before it leaches 
of irreverable expansion in passing a con- the orifice, and rc*und the outside of which 
stricted orifice (s^ “ Thermodynamics,’’’ § (50)) ' the expanded gas passes away, so that there 
serves as the step-down in temperature, and , is intimate thermal connection between the 
a cumulative cooling is produced by causing tw'o streams. For simplicity we may assume 
the gas which has suffered this step-down to the interchanger to act so j>erfect]y that when 
take up heat in a thermal interchanger from the outg<'<iiig gas reaches the exit it has 
another portion of gas that is on its way to ' acquired the same temperature as the 
the orifice. The gas to be liquefied is itself entering gas. Each unit of it will thercf».>re 
the working substance. have taken up a quantity of heat equal tu Q 

Imagine a gas such as air to have been , as defined above, 
compressed to a high pressure and "to i Under these conditions the apparatus ■will 
have had the heat developed by compression j steadily lose heat at the rate of Q units for 
removed by circulating water or other means, i every unit quantity of gas that passes through, 
so that its temperature is that of the surround- | If we suppose the apparatus as a whole to he 
ings. Call tMs initial temperature T^. Let i thermally insulated against leakage of heat 
the compressed gas at that temperature enter | into it from outside, there will consequently 
an apparatus in which it expands irreversibly ■ be a continuous redaction of the sb^ck of 
(through an expansion -valve or porous plug ! heat that is held by the pipes and the gas in 
or constricted orifice of any kind) to a much j them. The result is a progressive cooling 
lower pressure Pjt, at which pressure it leaves : which constitutes the first stage c^f the actic?n. 
the apparatus. If the gas were an ideal perfect j It may help to make the matter clear if we 
gas this irreversible expansion would cause i draw up an account of the energy received 
no faH in temperature. 

In a real gas there is 
in general a fail from 

Tj to some lower tern- ^ 

perature T'. The fail B 
Tj-T' measures the 
Joule-Thomson cool- 
ing effect for the givm 
drop in pr^snre. In 
Joule and Thomson’s 



experiments on air it was about a quarter of a 
degree for each atmosphere of drop in pressure. 

The cooling effect of the drop in pressure 
may be measured by the quantity of heat 
which would have to be supplied to the gas, 
per unit of mass, after expanaon, to restore 
it to the temperature at which it entered the 
apparatus. Cali that quantity Q : then 

Q=K^(Ti-T'), 

where Kj, is the mean specific heat of the gas 
at the lower pressure Pb between th^ 
■temperatures. 


and discharged by the apparatus. Gas enters 
at A (Figr, 1) under the pressure P^ and at 
the temperature Tj. Gas leaves the apparatus 
at B under the pressure Pb and at the same 
temperature T^, having taken up, through 
the action of the interchanger, a quantity 
of heat equal to Q. The pipes and expansion 
orifice are not ^own in the sketch : they are 
within the enclosing case, which is a^umed 
to be a perfect non-conductor of heat- During 
the first stage of the action the stopcock C 
(which is used at a later stage for drawing 
off the liquefied gas) is closed, and all the gas 
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that has gone in at A goes out at B ; it is 
only by the entry of gas at A and by its escape 
at B that energy enters or leaves the apparatus. 

Each unit of entering gas contains a quantity 
of internal energy and the work that is 
done upon it as it goes in is PaVa- Each 
unit of outgoing gas contains a quantity of 
internal energy Eb, and does work, against 
external pressure, equal to PbVb- Hence, 
for each lb, that flows through, the net amount 
of heat which the apparatus loses is 

Eb + PbVb - (Ea 4- PaV a)> or Ib “ Ia- 

But the amount so lost is Q, namely the heat 
that is required to restore the gas to the 
temperature at which it makes its exit. 
Hence for each unit quantity of gas that 
passes through the apparatus, 

Q=Ib-Ia. 

The contents of the apparatus become 
colder and colder in consequence of this 


: side of the ' expansion -valve, falls not only 
I below the critical point, hut to a value Tg 
which is low enough to let the gas begin to 
liquefy under the pressure Pb- In other 
words, Ta is the boiling-point corresponding 
I to Pb. This is the lowest temperature that 
I is reached. 

A continuous gradient of temperature has 
now become established along the flow-pipe 
within the apparatus from the point of 
entrance, where it is Tj, to the high-pressure 
side of the expansion valve, where it exceeds 
Tg by the amount of the Joule-Thomson drop. 
There is also a continuous gradient along the 
return pipe from T2, on the low-pressure side 
of the valve, to T^ at the exit. The flow and 
return streams are in close thermal contact, 
and at each point there is an excess of tem- 
perature in the flow which allows heat to 
pass by conduction into the return, except at 
the entrance, where, under the ideal condition 
which we have postulated of perfect inter- 



change, the temperature 
of both flow and re- 
turn is Tj. 

This state of things is 
diagrammatically repre- 
sented in Figs. 2 and 2a. 
There the flow and re- 
turn are represented as 
taking place in straight 
pipes, one inside the 
other to provide for 
interchange of heat. 
Entering along the inner 
pipe A the compressed 
gas expands through a 
constricted orifice E 
(equivalent to an ex- 
pansion - valve) into a 


M Fig. 2a. — ^Ideal Process of Begeneacative CJooling. ^ v^sel from which it 

returns by the outer 


continued abstraction of heat. But it should 
be noticed that their fall in temperature does 
not aflect the value of Q. We assume that 
the action of the thermal interchanger con- 
tinues to be perfect ; in that case the exit 
temperature still be equal to the initial 
temperature T^ however cold the interior 
becomes in the neighbourhood of the expansion 
orifice. There will be no change in the value 
of either Ig or Ia, and consequently no 
change in Q. The value of Q, as the above 
expression shows, depends entirely on the 
conditions at A and at B ; with perfect 
interchange this means that it depends only 
on Pa, Pb, and T^. It is independent of any 
temperature conditions within the apparatus, 
and therefore remains unaltered as the action 
proceeds. 

This stage of progressive cooling continues 
until the temperature of the gas at the place 
where it is coldest, namely on the low-pressure 


pipe B. The vessel is provided with a stop- 
cock C, by which that jjart of the fluid which 
is liquefied can be drawn off when the second 
stage of the operation has been reached. In 
the temperature diagram {Fig. 2 a) jVEST 
represents the length of the interchanger, 
DM is the temperature at which the gas 
enters and leaves the apparatus, GN is T2, 
and FG is the Joule-Thomson drop. DF is 
the temperature gradient for the flow-pipe, and 
GD for the return. 

When this gradient has become established 
the gas begins to liquefy, the apparatus does 
not become any colder, and the action enters 
on the second stage, which is one of thermal 
equilibrium. A certain small fraction of the 
gas is continuously liquefied and may he 
drained off as a liquid through the stopcock C. 
The larger fraction, which is not liquefied, 
continues to escape through the interchanger 
1 and to leave the apparatus at the same 
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temperature as before, namely the temperature ! 
Tj, equal to that of the entering gas. Call ; 
this unliquefied, fraction q ; then l-q \ 
represents the fraction that is drawn off as ! 
a liquid at the temperature T^. Since the 
apparatus is now neither gaining nor losing 
heat on the whole, its heat account must 
balance ; from which ' 

Ia = ?Ib -f (1 - 5f)Ic» ; 

where Ia is the total heat per lb. of the gas 
entering at A, Ib is the total heat per lb. of 
the gas leaving at B. and Ic is the total heat , 
per lb. of the liquid leaving at C. In this < 
steady working the aggregate total heat of 
the fluid passing out is equal to that of the , 
fluid passing in, sLnce the fluid, as a whole, 
takes up no heat in passing through the 
apparatus. i 

Suppose now that the liquid which is drawn 
off at C were evaporated at its boiling-point ; 
T 3 , and then heated at the same pressure from 
Tj to Ti- Assuming that the specific heat of 
the vapour may be treated as constant, the 
heat required to perform that operation would 
be 

But that hypothetical operation would result 
in this, that the whole of the fluid then 
leaving the apparatxis would be restored to 
the temperature of entry, namdy T^, since 
the part which escapes at B is already at that 1 
temperature. Hence the heat requi^ for it | 
is equal to the quantity Q as already defined- ' 
We therefore have 

(l-g)[L+K^i-T 3 )]=:Q, : 

from, which 

1 _ _ Q ; 

®-L+K^(Ti-Tsr 

This equation allows the fraction that is | 
liquefied to be calculated when Q is known. I 
The fraction so found is the id^ output of \ 
liquid, for we have assumed that there is no j 
leakage of heat from without, and that the i 
action of the interchanger is perfect in the ! 
sense that the outgoing gas is raised by it | 
to the temperature of entry. Under real 
conditions there will be some thermal leakage, 
and the gas will escape at a temperature some- 
what lower than T^ ; the effect is to diminish 
the fraction actually liqnefied. 

The fraction that is liquefied is increased 
by using a larger pressure drop. It is also 
increased by reducing the initial temperature 
Ti ; thus the output of a given apparatus 
can be raised by using a separate refriger- 
ating device to pre-cool the gas. Pre-cooling 
is indispensable if the method is to be applied 
to a gas in which, like hydrogeai, Hie Joule- 
Thomson effect is a heaiing effect at ordinary 
temperatures, but becomes a cooling effect 


when the initial temperature is sufiSciently 
low- 

This principle of regenerative cooling 
was applied by linde in 1895 for the produc- 
tion of extremely low temperatures, and for 
the liquefaction of air, by means of an 
apparatus shown diagrammatically in Fig, 3. 
It consists of an interchanger CDE formed of 
two spiral coils of pipes, one inside the other, 
enclosed in a thermally insulating case. A 
compressing pump P delivers air under high 
pressure through the valve H into a cooler J, 
where the heat developed by compression is 
removed by water circulating in the ordinary 
way from an inlet at K to an outlet at L 
The highly compressed air then passes on 
through the pipe BC to the inner worm, and 
after traversing the worm it expands through 
the throttle-valve R into the vessel T, thereby 
suffering a drop in temperature. Then it 
returns through the outer worm F and, being 
in close contact with the inner worm, takes 
up heat from the gas that is still on its way 
to expand. Finally, it reaches the com- 
' pression cylinder P through the suction valve 
! G, and is compressed to go again through the 
1 cycle. During the first stage it simply goes 
j round and round in this way ; hut when the 
I second stage is reached and condensation 
i begins, the part that is liquefied is drawn off 
' at y and the loss is made good by pumping 
in more air through the stop-valve at A, by 
means of an auxiliary low-pressure pump, not 
shown in the sketch, which delivers air from 



Fis. 3. — ^Linde’s Regenerative Apparatus. 


I the atmosphere to the low-pressure side of 
the circulating system. 

linde showed that by keeping this lower 
I pressure moderately high it is practicable to 
i reduce the amotmt of work that has to be 
! spent in liquefying a given quantity of air. 

I He pointed out that while the cooling effect 
of exj^mmon depends upon the difference of 
pressures Pa and Pb 00 , the two sides of the 
orifice, the work done in compressing the air 
i in the circulating system depends on the ratio 
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of Pa to Pb. It is roughly proportional to 
the logarithm of that ratio, for it approximates 
to the vrork spent in the isothermal com- 
pression of a perfect gas. There is accordingly 
a substantial adrantage in respect of thermo- 
dynamic efficiency in using, for the main 
part of the working substance, a closed circu- 
lation with a fairly high back-pressure. 

In working on a small scale it is convenient 
to accelerate the action by using carbonic 
acid as a preliminary cooling agent. This is 

Air Expaniloit 
Vala9 



illustrated in the laboratory apparatus of 
Fig. 4. There compressed air enters on the 
right and passes first through a coil sur- 
rounded by carbonic acid which has been 
cooled by release through an expansion valve 
from a compressed state. The effect is to 
pre-cool the air to about ' - 80° C- It then 
passes on to the regenerator, which is situated 
in the centre of the apparatus and consists 


I of a long spiral of fine metal tubing outside 
I of which the air streams off after passing 
I through the expansion valve at the bottom. 

I In passing the valve some of the air is liquefied 
! and collects in the vacuum vessel below. 

1 Important modifications of Linde’s method 
1 were made in 1902 and later by G. Claude, 
i It had long been recognised that there would 
be a thermodynamic advantage if the fluid, 
instead of expanding irreversibly through a 
; constricted orifice, were made to do external 
, w'ork by expanding in an expansion cylinder 
I or equivalent device. A greater step-down in 
i temperature would then be obtained, for in 
addition to the Joule-Thomson cooling effect 
! there would be the lai^er cooling effect due 
; to the energy which the substance loses in 
I doing work. Claude succeeded in overcoming 
! practical difficulties as to lubrication which 
I had prevented the use of an expansion cylinder 
in very low temperatures, and devised various 
I forms of expansive working, one of which is 
shown diagrammaticaUy in Fig. 5. There 
only a part of the compressed air, which enters 
through the central pipe of the counter- 
current interchanger M, passes into the expan- 
sion cyfinder D. It expands, doing external 
work, and is then discharged through a 
tubular condenser L, in which it serves as 
a cooling agent to maintain a temperature 
that is not only lower than the critical tem- 
perature of air, but is sufficiently low to make 
air liquefy at the pressure at wliich it enters 
the apparatus. The remainder of the com- 
pressed air is directly admitted to the tubes 
of L and is condensed there, still under the 
pressure of admission, dropping as a liquid 
to the lower part of the vessel, from which 
it can be drawn off through a tap at the 
bottom. 

§ (2) Separation of the Consitttjents of 
Air. — ^Affcer air has been liquefied the con- 
stituent gases can be separated by re- evapora- 
tion because they have different boiling-points. 
The boiling-point of nitrogen, under atmo- 
spheric pressure, is about - 195° C., whereas 
that of oxygen is — 182° C. When a quantity 
of liquefied air evaporates freely both gases 
pass off, but not in the original proportion 
in which they are mixed in the liquid. The 
nitrogen evaporates more readily, and the 
liquid that is left becomes richer in oxygen 
as the evaporation proceeds. This difference 
in volatility between oxygen and nitrogen 
makes it possible to carry out a process of 
rectification analogous to the process used by 
distillers for extracting spirit from the “ wash ” 
or fermented wort, which is a weak mixture 
of alcohol and water. 

In the device used for that purpose there 
is a reetffying column consisting of a tall 
chamber containing many zigzag shelves or 
baffle plates. The wash enters at the top 
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of the column and trickles slowly down, 
meeting a current of steam which is admitted 
at the bottom and rises up through the shelves, j 
The down-coming wash and the up -going 
steam are thereby brought into close contact 
and an exchange of fluid takes place. At 
each stage some of the alcohol is evaporated 
from the wash and some of the steam is con- 
densed, the heat supplied by the condensation 
of the steam serving to evaporate the alcohol 
The condensed steam becomes part of the 
down-coming stream of fluid ; the evaporated 
alcohol becomes part of the up-going stream 
of vapour- Finally, at the top a vapour 
comparatively rich in alcohol passes oS; at 
the bottom a fluid accumulates which is water 
with little or no alcohol in it, A tempera- 
ture gradient is established in the column ; 
at the bottom the temperature is that of 
steam, and at the top there is a lower tem- 


liquefy air which is being pumped in under 
pressure. The cold gases that are leaving 
the apparatus, namely the oxygen that is the 
useful product, and the nitrogen that passes 
ofl as w’aste gas at the top of the column, 
are made to traverse counter-current inter- 
changers on their way out, in which they give 
up their cold to the incoming air. 

A rectifying column arranged in this way 
does not completely separate the two con- 
stituents, for although it yields nearly pure 
oxygen it allows a part of the oxygen to escape 
and does not yield pure nitrogen. In a com- 
mercial proc‘ef?s for the manufacture of oxygen 
this is of no consequence. But a modifica- 
tion of the process, introduced later by Claude 
{Comptes rendus, Xov. 20, 1905), enables 
the separation to he made substantially 
complete, and yields both gases in a nearly 
pure state. The modification consists in 


perature approximating to the 
boiling-point of alcohol The wash 
entera at this comparatively low 
temperature, and takes up heat 
from the steam as it trickles down, 
A corresponding method was 
patented by Linde in 1902 for 
separating the more volatile con- 
stituent (nitrogen) from liquid air. 
In his appliance, the primary 
purpose of which was to obtain 
oxygen, there is a rectifying 
column down which liquid air 
trickles, starting at the top with 
a temperature a little under 
-194° C. or 79° absolute, which 
is the boiling-point of liquid air 
under atmospheric pressure. As 



the liquid trickles down it meets an 
up-going stream of gas which consists (at the 
bottom) of nearly pure oxygen, initially at a 
temperature of about 91° absolute, that being 
the boiling-point of oxygen under atmospheric 
pressure. As the gas rises and comes into 
close contact with the down-coming liquid, 
there is a give take of substance : at 
each stage some of the riring oxygen is con- 
densed and some of the nitrogen in the down- 
coming liquid is evaporated ; the liquid also 
becomes rather warmer. By the time it 


extending the rec'tifying column upwards and 
I in supplying it at the top with a liquid rich 
in nitrogen. A fractional method of lique- 
faction is adopted which ^parates the con- 
den^d material at once into two liquids, one 
containing much oxygen and the other little 
except nitrogen. The latter is sent to the 
I top of the rectifying column, while the former 
enters the column at a lower point, appro- 
priate to the proportion it contains of the 
two constituents. Practically pure nitrogen 


reaches the bottom it consists of nearly pure ' passes oS as gas at the top, and practically 


oxygen : the nitrogen has almost completely 
pas^ ofi as gas, and the gas which passes 
off at the top consists veiy largely of nitro^n. 
More precisely it consists of nitrogen mixed 
with about 7 per cent of oxygen: in other 
words, out of the whole original oxygen content 
of air (say 21 per cent) two-thirds are brought 
down as liquid oxygen to the bottom of the 
column, while one-third passes off unsepar- 
ated along with all the nitrogen. The oxygen 
that gathers at the bottom is withdrawn 
for use, and in its evaporation it serves to 


pure oxygen from the bottom. 

Fig. 6 is a diagram showing the modified 
process as carri^ out hy Claude. The 
counter- current interehangers, which are of 
course part of the actual apparatus, are 
omitted from the diagram. 

Gompre^ed air, cooled by the interchanger 
on its way, enters the condenser at A. The 
condenser consists of two sets of vertical 
’ tubes, communicating at the top, where they 
I aU open into the ve^l B, but separated at 
; the Attorn. The central tubes, which open 
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from, the vessel A, are one set ; the other 
set form a ring round them and drain into 



the vessel C. Both sets are immersed in a 
bath, S, of liquid which, when the machine is 
in full operation, consists of nearly pure 


oxygen. The condensation of the compressed 
air causes this oxygen to he evaporated. 
Part of it streams up the rectifying column 
B, to he condensed there in carrying out the 
work of rectification and consequently to 
return to the vessel below. The rest of the 
evaporated oxygen, forming one of the useful 
products, goes off by the pipe E at the side. 
The compressed air, already cooled by the 
interchangers, enters the condenser at A. It 
first passes up the central group of condenser 
tubes, and the liquid which is formed in them 
contains a relatively large proportion of oxygen. 
This liquid drains back into the vessel A, 
where it collects, and the gas which has sur- 
vived condensation in these tubes goes on 
through B to the outer set of tubes, is con- 
densed in them, and drains into the other 
collecting vessel C. It consists almost wholly 
of nitrogen. The liquid contents of C pass 
(through an expansion- valve) to the top of 
the rectifying column, while those of A (after 
also passing through an expansion - valve) 
enter the column lower down, at a level L 
which is chosen to correspond with the pro- 
portion of the constituents. The result is to 
secure practically complete rectification, and 
the second product of the apparatus — com- 
mercially pure nitrogen — passes off at the 
top through the pipe N. 

To understand how a rectifying column 
acts in separating the constituents of air, 
it is useful to refer to the experiments of 
E. C. G. Baiy {Phil. Mag., June 1900) on the 
evaporation of mixtures of liquid, nitrogen, 
and oxygen. Given a mixture of these 
liquids in any assigned proportion, equilibrium 
between liquid and vapour is possible only 
when the vapour contains a definite proportion 
of the two constituents, but this proportion 
is not the same as that in the liquid mixture. 
Say, for example, that the liquid mixture is 
half oxygen and half nitrogen, then according 
to Baly’s experiments the vapour proceeding 
from such a mixture will consist of about 22 
per cent of oxygen and 78 per cent of nitrogen. 
With these proportions there will he equili- 
brium. If, however, a vapour richer than this 
in oxygen were brought iuto contact with 
the half-and-half liquid, part of the gaseous 
o^gen would condense and part of the liquid 
nitrogen would he evaporated, until the propor- 
tion giving equilibrium is reached. The curve, 
Fig. 7, shows for each proportion of oxygen in 
the mixed liquid what is, in the vapour, the 
corresponding proportion of oxygen necessary 
for equilibrium, in other words what is the 
proportion in the vapour, when that is being 
formed by the evaporation of the mixed 
liquid in the first stages of such an evaporation, 
before the proportion of the liquid changes. 
In this curve the base line specifies the per- 
centage of oxygen in any mixture of the two 


liquids, and the ordinate gives the proportion j liquid that collects in C vill be nearly all 
of oxygen in the corresponding vapour, when ! nitrogen- It is true, of course, that in the 
the vapour is formed under a pressure of : upper parts of the CMitral tubes the liquid 
one atmosphere. Much the same general | that is formed consists largely of nitrogen, 
relation will hold at other pressures. It will j but as this trickles down the tube in which 

be seen from the curve that when the evaporat- j- it has been condensed there is a give and 

ing liquid mixture is liquid air (oxygen 21 per j take between it and the ascending gas, pre- 
cent, nitrogen 79 per cent) the proportion | cisely like that which occurs in a rectifying 
of oxygen present in the vai>our that is i column, and when the liquid reaches the 

coming off is about 7 per cent or a little i bottom it is nearly in equilibrium with the 

less. This is what occurs at the top of Linde’s ! gaseous air, and therefore contains about 48 
original rectifying column. The liquid that j per cent of oxygen. 
is evaporating 
there is freshly 
formed liquid air, 
and hence the 
waste gases carry 
off about 7 per 
cent of oxygen. 

Coming down the q, 
column the liquid ^ 
finds itself in con- § 
tact with gas con- 5 
taining more ^ 
oxygen than cor- ^ 
responds to equi- ^ 
librium- Accord- ^ 
ingly oxygen is ^ 
condensed and ^ 
nitrogen is evapo- ^ 
rated at each ^ 
stage in tbe de- 
scent, in the effort ^ 3 o 
at each level to 5: 
reach a condition ^ 
of equilibrium be- § 20 
tween the liquid 
and the vapour 
with which it is 
there in contact. 

Again, the curve 

shows that wh^ ^ .w 
air, containing 21 PEfH^ENTAGE OF OXYGEN iN uouio. 



percent of oxygen, 
liquefies, the 

liquid that is formed should contain about 
48 per cent of oxygen, if its comporition is 
such as will Tnai-ntam equilibrium with the 
gaseous air. In the apparatus shown in 
Fig, 6 this condition holds for the contents 
of the vessel A. The first portions of the air 
to be condensed trickle down the sides of the 
central condenser-tubes and are “ scrubbed ” 
by the air as it ascends ; that- is to say, they 
are brought into such intimate contact with ! 
the ascending air that a condition of equi- 
librium between liquid and vapour is at least 
closely approached- Accordingly the liquid 
which coUects in the vessel A contains some- 
thing like 48 per cent of oxygen. By m a ki ng 
the condenser-tubes long enough it is clear 
that little or no oxygen will be left to pa^ 
over through B into the other tubes, and the 


Pig. 7. 

I When thTg liquid from A is discharged 
through an expanrion- valve into the rectifying 
■ column at L, part of it immediately evaporates, 
producing an atmosphere which has the <x>m- 
! position of air (21 per cent of oxyg^). The 
; paxfc of the column which extends above this 
j point reduces the percentage of oxygen in the 
i ascending gas from 21 per cent to practic^y 
nilj by means of the liquid from C. 

In some plants for carrying out the process 
of rectification on a large scale it is claimed 
that nitrogen with a purity of 99-8 per cent 
is obtained- A Linde plant at Odda, in I7orway, 

' separate ont the nitrogen from about one 
I hundred tons of air daily for use in the manu- 
j facture of cyanamide, a nitrogenous fertiliser 
j which is formed by passing gaseous nitrogen 
i over hot calcium carbide. 
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Another commercial application of the 
liquefaction of gases is in the manufacture 
of hydrogen from water-gas, which consists 
mainly of a mixture of hydrogen with carbon 
monoxide. The carbon monoxide is separated 
out by liquefying it, leaving the hydrogen in 
the state of gas. The last stage of this separa- 
tion is effected by using liquid nitrogen as 
an auxiliary cooling agent. The scheme of a 
hydrogen apparatus as used by the linde 
Company is shown in Fig, 8. Water-gas, 
under compres- 
sion, enters at 
W and passes 
through a 
counter - current 
interchanger into 
the coil B in 
the condensing 
vessel K. The 
vessel K is kept 
nearly full of 
liquid carbon 
monoxide which 
has come from 
the coil and has 
suffered a step- 
down in tem- 
perature by 
passing through 
the expansion- 
valve B. When 
the compressed 
water-gas enters 
Fig. 8. — Apparatus for separating the cod B, most 
Hydrogen £rom Water-gas. 

monoxide in it 
become condensed, but most of the hydrogen 
remains gaseous. The mixture in the cod 
passes on into a separating vessel A enclosed 
in a vessel V and kept very cold by liquid 
nitrogen which enters through S after being 
formed in a rectifying tower that is not shown 
in the diagram. The nitrogen in V is con- 
tinuously boding off at a low pressure. This 
serves to remove most of the residue of carbon 
monoxide, and nearly pure hydrogen passes 
off, stdl under pressure, at H. Both it and 
the carbon monoxide, which passes off at CO, 
pass through pipes in the counter-current inter- 
changer by means of which heat is removed 
from the incoming water-gas. j a e 


Liquid, Absolute Expansion of a ; deter- 
mination by a hydrostatic method. See 
“ Thermal Expansion,” § (11). 

Liquid Coltbins fob Peessuee Measuee- 
MEisrT. See “ Pressure, Measurement of ” 
§ C3). 

Liquid Level Lxdicatoes. See “Meters,” 

VoL m 



Liquid Meters. See “Meters,” Vol. III. 
Liquid Pistox Pumps. See “ Air-pumps,” 
§ (15). 

Liquids : 

Measurement of Relative Expansion of. 

See “ Thermal Expansion,” § (10). 
Methods of measuring Thermal Conductivity 
of. Column Method — Film Method — 
Flow Method. See “ Heat, Conduction 
oU’ § (7). 

Specific Heat of, by Electrical Methods. 
See “ Calorimetry, Electrical Methods 
of”§(2). 

Values of Thermal Conductivity of. See 
“ Heat, Conduction of,” § (7), Table TV. 
Loadestg Coefttciext, Nox-dimexsioxal 
Critical. See “ Dynamical Simdarity, 
The Principles of,” § (41). 

Locomotive Exgexes. See “ Steam Engines, 
Reciprocating,” § (8). 

Locus OF A PoiXT IX A Mechaxism. See 
“ Kinematics of Machinery,” § (3). 
Logarithmic Deceemext : the natural 
logarithm of the ratio of two successive 
amplitudes of a point executing damped 
harmonic motion, given by sin (fit -}- e). 
Its value is yT, where T is the time of a 
complete oscillation which is equal to 27r/w. 
Lower Pairs. For definition see “ Kine- 
matics of iMaehinery,” § (2). 

Lubeicaxts, IMtstuees of : the effects on 
the frictional resistance of mechanism due 
to mixing small quantities of fixed oils to 
mineral oils. See “ Friction,” § (29). 

LUBRICATION, BOUNDARY 
CONDITIONS IN 

Lubeicatiox falls into two sharply distinct 
divisions according as the solid faces are or are 
not fully separated by a layer of lubricant. La 
the latter the physical properties of the sohd 
faces play an important part ; in the former 
the layer is thick enough for the lubricant to 
develop its properties when in mass, and the 
friction therefore is the internal or viscous 
friction of the lubricant modified by the form 
of the bounding solid faces. The friction of 
“dry” and “greasy” faces constitutes the 
one division. In it what Osborne Reynolds 
called “ boundary conditions ” operate, and 
the friction therefore might be called boundary 
friction. The other division includes the so- 
called “ complete lubrication ” of journals or 
slide blocks running in a bath of lubricant so 
that the rubbing faces are completely floated 
apart. 

The remarkable feature of lubrication, and 
one which a complete theory must explain, is 
that these two divisions are opposed to each 
other in all important characteristics. In 
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flotation static friction is absent, and the 
resistance to relative motion varies directly 
with the viscosity, that is to say it depends 
on the internal Motion of the lubricant and 
the area of the opposed surfaces, and increases 
as the velocity of relative motion increases. 
In boundary lubrication there is static friction, 
the frictional resistance being equal to that in 
kinetic friction unless the state of the solids 
themselves is altered by the stresses ; and the 
resistance varies as some inverse function of 
the viscosity of the lubricant, and is inde- 
pendent of the area and relative velocity. 

yhe relations are so completely opposed to 
one another as to make it probable that if we 
could introduce a single pure chemical sub- 
stance between two clean solid faces so as 
gradually to increase the thickness of the layer, 
we should meet with a discontinuity of state 
such that at a certain critical thickness 
boundaiy conditions would disappear to give 
way to flotation. 

Naturally occurring solid surface such as 
the surface of a pane of glass are contaminated 
by an invisible film of matter condensed from 
the atmosphere or derived from contact with 
other substances. The grosser part of this 


Films can be formed in this way only in 
clean dry air, because water has a singular 
power of disturbing the relations between the 
solidand the lubricant. The films are, therefore, 
subject to evaporation so active as to remove 
the lubricant as fast as it is spread from the 
drop, save when, as in the case of acetic acid 
or tripropylamine, it is very strongly adsorbed 
by the solid. This is prettily shown by propyl 
alcohoL In the immediate neighbourhood of a 
drop of the substance the friction of a glass 
plate is found to fall to a low value (a =0*4:9), 
but as one moves away the friction rajudly 
but gradually rises to the ‘‘ clean ” value. One 
can picture, but not see, a film continually 
spreading from the drop of alcohol and as 
continually being removed by evaporation, so 
that it vanishes completely a few centimetres 
from the edge of the drop. 

When the surfaces are flooded by the lubri- 
cant so that the slider moves in a pool, the 
thickness of the film which persists between 
the faces will be determmed by capillary forc?es. 
The friction of such flooded surfaces is in all 
I cases so far measured equal to that of sur- 
faces covered only by the invisible film, just 
described, and we thus come to the second 


film being of a greasy nature, it reduces the 
friction of “ clean ” "faces by about 70 per 
cent. The film may be removed, or rather 
the grosser part of it, by various methods. 
For example, glass may be cleaned by washing 
with soap and water, beating in sulphuric and 
chromic acids, washing in water and drying 
in clean dry air. The coefficient of frierion /i, 
of clean faces, that is to say the ratio of the 
tangential pull to the total normal pressure, is 
•high, being 0*94 for crown glass, 0-74 for hard 
steel, and 0-50 for bismuth. 

Thin films of a given lubricant may be 


remarkable paradox of boundary friction, 
namely, that the boundary friction is inde- 
pendent of the quantity of lubricant on the 
fac^ The following figures will serve to 
illustrate this : 


j Amyl Alcohol . 
j Caprylic Alcohol 
■ Heroic A^id 
] Capiylic Acid . 


} Sariaae flLoodid Bamishei!! Film | 
t -with Ln^ri.-ast. Lnl-riirntt. 


.1 fi=’58 

. i 

. ' /z = '46 
.1 /i = -34 


/x = *59 
fi = -54i 
jti = *46 
/i=*34 


deposited on such clean faces hy exposing j 
them to its vapour, or by spreading lubricant j 
over them and then polishing oS aU excess j 
with linen which has been deprived by pro- | 
longed and special treatment of all material 
capable of being conveyed to the solid face. 
Such surfaces are what are commonly called 
“ dry ” surfaces. The most interesting method 
of producing “ diy ” lubrication is by allowing 
the lubricant itself to spread over the clean 
surfaces under the influence of molecular at- 
tractions. As an example, take the following : | 
a single small drop of pure acetic acid is placed 
near one comer of a clean plate of glass, say 
six cm. square, immersed in clean dry air. 
Nothing obvious to the senses follows. The 
drop of acid to all appearance remains where 
it was without change. The whole surface of 
the plate will, however, now be found fully 
lubricated as by acetic acid, the coefficient of 
friction having fallen from 0*94 to 0-41, 
because an invisible film has spread over it 
from the visible drop of acid. 


A description of the method adopted for 
TT-iAlrirtg these measurements will be found on 
the following page. 

The third remarkable feature of sliding 
friction is expressed in what is usually called 
Coulomb’s law — unfortunately so, sinee the 
law was clearly formulated more than eighty 
i years earlier by Amontons in 1699.^ It states 
I that the total frictional resistance is inde- 
pendent of the ar^ of contact and of the 
relative velocity, being dependent only on the 
total normal pressure. If we speak of the 
reaction of the fixed surface — ^using the word 
in the sense in which Newton used it — ^and 
call the normal component N and the tan- 
gential component F, then Amontons’ law is 
expressed hy F/N = /x. = constant. This law is 
characteristic of boundary conditions — that 
is to say, of “ dry ” or “ greasy ” surfaces, 
and is replaced by a quite different law when 

^ Amnntons, de VAead. Hoy- des Sciences, 

1699, 206; Coulomb, des S^vans etrangers, 

1785, X. 163, 333. 
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tte lubricaat floats tlie surfaces completely 
apart. 

In considei’ing the question whether the law 
is an approximation, and if so within what 
Tim i ts it holds, we will take the two negative 
statements separately. In 1S95 H. Painleve ^ 
investigated mathematically the properties of 
mechanical systems subject to the relation 
g,=FyN, and came to the conclusion that it 
leads to certain impossible discontinuities of 
motion. His method consisted in introducing 
into the equations of motion the reactions 
F and N as forces doing virtual work. His 
paper led to a controversy, carried on by 
French and German mathematicians, which 
continued for about fifteen years. From it 
one conclusion seems to emerge, namely that 
Amontons’ law holds only when the geometrical 
relations of the surfaces which are compared 
aj:B such that the normal and tangential 
reactions, the position of the centre of gravity, 
and the moment of inertia of the slider have 
the same geometrical relations throu^out.® 
As an example, the value of will depend 
not merely upon the weight of a circular 
plane disc Rliding on a plane surface hut 
also on the position of the centre of gravity 
"witii respect to the geometrical centre of 
the disc. This relation must not be con- 
founded with Michell’s ® conclusion that the 
coefScient of friction of a plate sliding 
over a fully lubricated surface depends 
upon the geometrical position of the load, 
because the former holds for static as weU 
as kinetic friction, whereas Michell’s analysis. 
Eke Osborne Reynold’s, postulates relative 
motion. 

Tbft measurements of static friction which 
form the basis of this article were made with 
a slider having a curved surfaroe which was 
applied to a plane surface, both faces being 
highly polished-^ From the middle of the 
slider projected a small arm from which a 
fine thread passed over a right pulley to a 
pan. When weights were plac^ on the 
pan the slider rocked forward and the 
weight which just failed to cau^ sliding was 
used to compute the static friction. Some 
lubricants appear to abolish static friction, 
the smallest weight then causing a very 
slow glide. Ricinolic acid on bismuth is an 
example. 

By a simple modification of the form of the 
arm, the pull could he adjusted so as to do 
away with the rocking of the slider. This 
was not found to alter the friction. Both the 
weight and the radius of curvature of the 

^ Comptes rendus, 1895, cxxi. 112. 

* Compare, for example, Chamat, Comptes rendus^ 
1903, cxxxvi 1634. 

® Zeits. Math., Leipzig, 1905, lii. 123. 

* For details see W. B. and J. F. Hardy, PTiU. 
Mag., 1919, xxxviii. 32, 49, and PMl. Mag., 1920, xL 
201 . 


slider were altered over a large range without 
detectable change in the value of p. 

The contact between slider and plate was 
a circle of unknown but veiy small area. The 
weight of the slider was varied from 15 to 
170 grammes ; the normal pressure was, there- 
fore, in some cases very great. 

All measurements were made in a chamber 
filled with air dried and freed from dust. The 
slightest trace of moisture was found com- 
pletely to alter the values. 

When both the slider and the bearing have 
plane surfaces, there must always be uncer- 
tainty as to the area of real contact, because, 
as Burgess ^ proved, even the most carefully 
trued faces touch only at a few. points, being 
separated elsewhere by a film of air or con- 
densed water vapour. When a spherical sur- 
face slides over a plane surface the area of 
contact varies with the radius of curvature 
and with the | power of the load. The values 
of p were found to he strictly independent of 
the load and curvature, and therefore of the 
area of the surface of contact. Much more 
investigation is needed in the interests both 
of theory and practice ; but the experimental 
evidence so far justifies the statement that 
Amontons’ law is an exact law and not an 
approximation so long as the physical state 
and chemical nature of the solid and lubricant 
remains the same. 

The second statement, namely that p is 
independent of the relative velocity, was 
examined by Fleeming Jenkin and Ewing,® 
who found that for hard substances, such as 
steel on steel, static and kinetic friction were 
equal ; but that they were unequal, the latter 
being less than the former, when one or both 
faces were of relatively soft material, such as 
brass or greenheart. Coulomb and Morin, ^ 
in 1781 and 1830 respectively, had already 
found the kinetic friction less than static 
friction when one or both faces were of wood. 
It is probable therefore that p is independent 
of velocity only so long as the solid faces 
themselves are rigid enough not to he modified 
by viscous flow induced by the tangential and 
normal stresses. 

The theory of boundary friction which may 
be said to hold the field at present is due 
to Coulomb. He states that friction must be 
due to the engaging ‘with one another (Fen- 
grainage) of the asperities of the surfaxj^, 
and that coherence must play a n^Ligible 
part, because the effect of coherence would 
necessarily be proportional to the number of 
points of contact — that is to say, to the 
area. 

Bushed to the limit, this theory means that 
truly plane surfaces are sensibly frictionless 

® Proc. Roy. Soe., 1911, Ixxxvi. A, 25. 

* Phil. Frans., 1877, clxvii. A, 509. 

^ Comptes rmdrus, 1830, p. 37. 
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and that ths asperities form frictionl^ ; 
inclined planes, the friction being due solely ' 
to the component parallel to the surface of ' 
the resistance offered by them. Since the 
surfaces experimented with were always 
highly polished, the asperities must have been | 
very small, and the average effect of all might | 
therefore be supposed to be the same for ; 
equal areas of sensible size wherever placed, j 
The theory demands that the resistance due j 
to any single area acting alone shah, be equal | 
to that of a surface including any number of | 
such areas provided the total normal pressure • 
is constant. If the actual surface is frictionless, 
the relation of tangential resistance to pressure 
would seem to follow from Hooke’s law. The 
tangential resistance will be proportional to j 
the change of form of the surface, and this again i 
is proportional to the normal force. There is ! 
therefore nothing violent in the assumptions, ‘ 
except that of f^ietionless surfaces. | 

The difficulty of Coulomb’s theory lies, not | 
in the supposed action of asperities, because 
there is no such thing as a plane surface of 
particulate matter, and we merely have to 
inquire what constitutes the insensihle 
asperities of a highly polished face, but in the 
ascription of a negligible part to coh^ion, for 
we know that there exists on the external 
face of all solids a field of attraction for other 
forma of matter strong enough to bind to the 
face a film which cannot in many cases be | 
detached without abrading the solid itsell 
There can be no mtanner of doubt but that 
the force required to cause one of these films j 
to slip over the solid varies directly with the 
area. Given such a field of force, there will 
he r^istance to the tangential motion of 
matter over a face, save in the unique case 
when the equipotential surfaces of the field 
are plane and paraliei to the material face and 
the motion is parallel to those planes. 

The dilemma in vriiich the theory places ns 
is apparent when we consider faces separated i 
by a continnous layer of lubricant. Coh^on | 
and repulsion now operate over the whole 
area, and the friction is strictly internal friction; 
why, then, should the frictional r^istance not 
be proportional to the area as it is in the 
internal friction of homogeneons fluids and in 
the surface friction of a solid face moving 
through a fluid. Coulomb hints that it is a 
qu^tion of degree, the resistance being mainly 
due to asperities, but careful measurements 
show too close an agreement with theory for 
an escape to be found in this way. 

The scale of the asperities to which friction 
is due may be ^timated from the following 
facts. The more highl y polished is a surface 
of glass the greater is its friction — ^thus glass 
trued and polished to an optical face has 
sensibly the same static friction as has plate- 
glass, and both give higher values th an ground- 


glass. The asperities are therefore of insensible 
dimensions. The friction of polished faces of 
glass, steel, or bismuth is reduced to a relatively 
low value by lubrication with an aliphatic 
acid or alcohol, even when all excess of lubricant 
is burnished c»ff. The invisible film of lubricant 
which persists gives the lowest obtainable 
value for static friction, as was noted earlier, 
yet it can be at most very few molecules in 
thickness. When the alcohol or acid is volatile 
at the temperatures of observation {e.g. ethyl 
or propyl alcohols), the burnished film 
evaporates off the surface in a few minutes, 
the friction rising as rapidly to the high value 
for “ clean ” faces. The fact that a film so 
thin gives the best boundary lubrication the 
particular substance is capable of exerting, 
proves that the asperities must be of mole- 
cular dimensions. We may therefore con- 
fidently reject what appears to be the cnrrent 
conception, namely that friction is due to 
material asperities each of which acts in 
I opposing relative motion like a frictionless 
i inclined plane, and assume that friction is 
i due to the attraction of the molecnles of one 
' solid for the other across the interface when 
the surfaces are “ clean,” and of the molecules 
of the lubricant for each other when they are 
“ dry ” or “ greasy.” 

The field of force already mentioned as 
existing at a free fkje of solid or liquid is 
due to the unbalanced attractions of the 
molecules, and the tangential component of 
t.big field constitutes the surface tensiom 
Friction of clean faces may be regarded as 
being due to the mutual reaction of the fields, 
and, so long as boundary conditions operate, 
a lubricant reduces friction because it partly 
•mAaka or “saturates” the fields of the 
solids. 

Greasy filTna are formed on solid or fluid 
Emrfaces because they reduce the pofcentiai of 
the fields of attraction, and this process of 
condensation of foreign matter on to a surface 
is called adsorption. A lubricant may there- 
fore also be said to be adsorbed by the solid 
face, and, other things being equal, the greatm* 

I the work done by molecular forces in for min g 
i the layer the better the lubricant. For an 
1 experimental proof of this relation see the 
j Philosophical Magctzim, 1919, xxxviiL 49, and 
1 1920, xL 201. 

I It has b^n known for a long time that 
j adsorption is determined by chemical con- 
I stitution. Broadly speaking, those substances 
1 which are more active chemically in relation 
I to the particular fluid or solid are more strongly 
j adsorbed by it. Thus acids, alcohols, and 
1 est^ are more strongly absorbed by the surface 
of water thfm are paraffins. It is therefore in 
accordance with expectation to find that 
aliphatic alcohols and acids are better 
lubricants of solids than their related paraffins. 



576 


LUBRICATION, BOLCSTDARY CONDITIONS IN 


TMs is iHustrated by the foUo’wing values of 
for glass, steel, and bismuth, there being in 
each case an excess of lubricant on the faces. 

Normal Paraffins 


the members of a chemical series is that the 
former increases and the latter decreases as the 
molecular weight increases. For normal par- 
affins the equations 
of isotherm are 



and 97 =? 7 o + /3M, 
where 97 is the co- 
efficient of internal 
friction and ^3 is a 
constant. The rela- 
tions are not so 


Normal Alcohols 


! 

j 

CHjiOH. 

CsHsOn. 

C 3 H 7 OH. 

C 4 H 3 OH. j CsHuOH, 

1 

CbHi,OH. 

CioHjsOH. 

! 

1 Glas . . 

•67 

•65 

•63 

-60 -58 

•51 

•33 

Steel . . 

•47 

•44 

•41 

•39 -37 

•30 

. . 

1 Bismuth . 


•• 

34 

•30 -27 

j -25 

•17 


simple as this in 
other chemical 
series. 

The lubricating 
action on bismuth of 
nearly one htmdred 
substances has been 
mea^red and rela- 
tions found which 
at present have 


If these figures are plotted against molecu- I 
lar weight the curves will be found to be | 
straight lines, so that we may write =: /a,, ~ oAI, 
where and a are constants and M is the 
molecular weight. 

The effect of the nature of the solid face is 
unexpectedly simple. Within the limits of 
error the slope of the curve is independent of 
the nature of the solid face. That is to say, 
a is independent of the solid face and a pure 
function of chemical constitution, the values 
being : 

Nonnal paraffins . . . <x = -00I3 

Normal aJcohols . . . a = *0016 

Nonnal adds . . . a = *0043 

The first two acids in the series, formic and 
acetic acids, give ahnormally low values of / 4 , 
as might he expected from their other physical 
properties. 

The value of the constant }Lq is, on the 
contrary, determined by the nature of the 
solid faces- It is, as the theory would 
lead us to expect, a function of the fric- 
tion of the faces when “ clean.” Thus we 
have for the normal paraffins the foUowing 
values : 



Glass. 

steel. 

Bismttth. 

Clean jUo = 

•94 

-74 

•50 

Lubricated = 

•80 

-57 

-48 


These relations may be put in another way. 
For the normal paraffins, acids, and alcohols 
the effect of changing from one solid or another 
is to shift the curves with respect to the axes 
whilst keeping them parallel to themselves. 
The general relation between the internal 
friction (viscosity) and boundary friction of 


received no explanation. Some of these are 
illustrated by the following values of /x : 

Chain Compounds 


Propyl , 

Alcohols 

. -34 1 Isopropyl. 

. -32 

Butyl 

. - -30 

Isobntyl . 

. -30 

Amyl 

. -27 

Glycol . 

. -30 

Octyl 

•25 

Glycerol . 

•22 

Cetyl . 

. -17 

Penterythritol 

. -40 

Propionic' 

Acids 

. -31 1 Oleic 

. -10 

Valeric . 

. . -28 

Ricinolic ' , 

. -02 

CapryHc . 

. . -19 

Lactic 

. -20 

Stearic 

. , -15 

Glyceric . 

•22 


Esters 

Ethylacetate . . . *36 

Ethylvalerianate . . -35 

Tristearm .... -24 

Triolein . . . . -14 


Ring Comjpounds 

Benzene . . -34 Ethyl benzene . -32 

Naphthalene . . -29 Tohiene . . . -28 

Anthracene . . -26 Xylene . . . -30 

Phenol . . . -25 p. Cumene . . -31 

Catechol . , . -39 ^ Naphthol . . -38 

Quinol ... *40 Naphthoic acid . -39 

TO-Cresol . . . -26 Benzoic acid . . -38 

Benzyl alcohol . -31 Cinnamic add . -27 

Ethyl hydxocinna- Benzilic acid . . -45 

mate ... -28 Salicylic acid . . -41 

Ethyl cinnamate . -32 Carvacrol . . -23 

di-Pentene . . -31 Thymol . . . *24 

Iso-cholesterol . -27 Menthol . . . -26 

Cyclic Compounds 

Cyclohexane . . -31 I Cyclohexanol . . *35 

Methyl cyclohexane -30 | Cyclohexanone . -35 

Castor oil . . -03 Carbon tetrachloride -40 

Water . . . -33 Chloroform . * -33 
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The most interesting is the distinction 
between ring and chain compounds. The 
simple ling compounds benzene, naphtha- 
lene, and anthracene show the linear relation 
to molecular weight, and the valu^ are much 
the same as those for paraffins of the same 
molecular weight. The similarities, however, 
end here, for any change in the molecular 
structure produces opposite effects according 
as it takes place in a chain or ring. Thus a 
double bond decreases the lubricating action 
of a ring compound, but increases that of 
a chain compound. As examples, compare 
naphthoic acid with double-bonded oxygen 
with naphthalene, menthone with menthol, 
cyclohexanone with cyclohexane, benzoic acid 
with benzene. As examples of double-bonded 
carbon, compare cinnamic ester with hydro- 
cinnamic ester, di-pentene, having two un- 
saturated carbon atoms, with menthol and 
cyclohexane. Also the more saturated cyclic 
compounds are better lubricants than the less 
saturated ring compounds. 

When a ring or chain is joined, as m butyl- 
xylene, the result is a better lubricant than 
either. 

The esters occupy a quite unexpected posi- 
tion, The simple aliphatic esters are worse 
lubricants than their related acids and alcohols. 
The ring esters, on the contrary, are better 
lubricants than, are their related acids (t,g. 
ethyl benzoate and benzoic acid). 

Perhaj^ the most interesting substances are 
the hydinxy-acids with OH and COOH groups. 
This conjunction produces a remarkable in- 
crease in the lubricating power of a chain 
compound (lactic acid and ricinolic acid), and 
almost d^troys lubricating action in the case 
of the ring compoxmds (salicyclic and benzylic | 
acids). ' 

In the ring compounds the replacement of i 
hydrogen decreases lubricating power in the j 
case of N : 0, or -COOH^ and increases it ! 
in the case of other groups in the order ; 
C2H5<CH<0H. I 

The effiect of a second group of the same ; 
or of a different kind is to decimse the effect 
of the first. Compare, for instance, toluene 
with xylene ; catechol, quinol, and cresol with 
phenol ; and methyl cyclohexanol with cyclo- i 
hexanoL The simpler the group the more 
effective it is. Ck»mpare cymene with toluene 
or xylene, and benzyl alcohol with phenoL 
When the atoms are disposed with complete 
symmetry about a carbon atom, the result is 
a very l:m.d lubricant, as we see in carbon 
tetrachloride and the alcohol penterythritol 
qCHaOH),. 

It win noticed that no ring compound 
is a good lubricant. Even cholesterol, with 
the molecular weight 366; is no exception. 

The group SH acts much as OH, thio- 
phenol CgHaSH and benzyl - hydrosulphide 


CgHgCHgSH resembling phenol and benzyl 
alcohol respectively. 

The theory of boundary lubrication outlined 
above may 1^ developed further by considering 
the properties of composite surfaces. When 
a substance, say an oil, spreads on water, under 
the influence of surface fijrces a surface is 
formed whose properties are neither those of 
a clean surface of water nor of the oil. The 
water and the oil have in fact reacted on one 
another. Such surfaces may be called “ com- 
posite.” All naturally occurring surfaces are 
composite, because the free energy of such a 
composite surface is less than that of a clean 
or simple surface. The reaction between the 
components of a composite surface can be 
classed as chemical, but in a very restricted 
i sense, because the condition of im miscibility of 
the components makes the relation of the 
molecules two-dimensional. The law of aver- 
I age values therefore applies only in a restricted 
w'ay, so that the characteristic law of chemistry, 
the law of definite and multiple proportions, 
ceases to hold. 

The partial nature of the reactions and the 
; structure of a comx>osite surface may be 
j illustrated by an example. When an aliphatic 
i acid such as palmitic acid forms the film on 
j water, the fi lm is probably only one molecule 
; thick and the carboxyl groups are attracted 
by the water so that each molecule stands on 
; end- (See for example Adam, Ptoc. Roy, Soc.^ 

I A, 1921.) The film therefore is composed of 
a layer of carbon chains oriented at right angles 
to the water face. Orientation to an unknown 
d^ree may also be supposed to obtain in the 
superficial layer of the water itself. 

Compcsite surface are formed on solids in 
a way so rimilaT to that obtaining on fluids 
(cf. Phil Mag.j 1919, xxxviii- 49) as to make 
it practically certain that they have the same 
general structure, namely, marked orientation 
of the molecules- Consider two such com- 
posite faces applied to one another ; the orienta- 
tion may be disturbed by mutual attraction 
between tbe molecules of the films but it will 
not be destroyed. The applied faces now form 
a region which vari^ rapidly in constitution 
along the normal to the interface, and its 
boundaries are indefinite, for we do not know 
i how far into the solids the molecular pattern 
characteristic of the region extends. 

The film on a solid face, by more or less 
completely saturating the attractive forces, 

I le^ens the caj«icity for cohesion- Its pr^ence 
i therefore is one, but not the only one, of the 
I causes why solids do not weld when pressed 
j tc^ether. It also lessens the frictional rraist- 
I an(^ of the face. 

j The thinnest continuous film of foreign 
I matter which can be deposited on a clean 
1 surface of water is one molecule thick. It is 

2 ? 


VOL. I 
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the film which is formed when the area of the 
water face is large enough to permit of the 
substance, e.g. oleic acid, spreading as far as 
it has a tendency to. The thickness of films 
formed in a similar way on solid surfaces has 
not yet been directly measured, but analogy 
justifies us in assuming that if the area is 
large enough the film will also be one molecule 
thick and that it can be thickened by con- 
tracting the area in reference to the quantity 
of foreign substance present in it. It must be 
admitted that the relation of the friction to 
the thickness of film on each solid face is , 
difficult to foUow, but the evidence so far avail- 
able points to the conclusion that static friction 
decreases as the layer of the lubricant is in- 
creased, but rapidly reaches a minimum when 
it begins to increase until the critical thickness 
of the film is reached beyond which flotation i 
occurs. At the critical thickness static friction 
falls more or less abruptly to zero. 

The fact that the layer of lubricant ma nif ests 
static friction proves that it behaves nnder 
tangential stress like an elastic solid. If it be a 
fluid when in mass the effect of the attractions 
of the solid faces, combined with the traction, 
must therefore be to confer on a thin layer 
both orientation of its molecules with respect to 
the normal, and also solidity. The orientation of 
the molecules spoken of above is due to the 
fsfcct that the attraction of the molecules of 
the solid faces is not the same for aU parts 
of a molecule of the lubricant. We may sup- 
pose, for instance, that the attraction for the 
- COOH or - OH group is greater than for 
the remainder of a carbon chain. The orienta- 
tion of the molecules of the lubricant will 
therefore be greatest at the solid faces and 
least midway between them, because it tends 
continuously to be upset and give way to the 
random relations of the interior of a fluid. 
The layer of lubricant, therefore, even if it he 
only two molecules thick, varies rapidly in 
structure along the normal, and the peculiar 
feature of boundary friction is that the 
stresses occur in a medium which is exc^sively 
heterogeneous along one axis, namely, the 
normal to the solid faces, and homogeneous 
along the tangential planes. 

The friction, whether static or kinetic, is 
merely an expression of the strain produced 
in the tangent planes by the tractions, and 
the peculiar features are due to the hetero- 
geneity of the material which tends to confine 
the yield point when static friction gives way 
to kinetic friction to a single tangent plane 
instead of the yield being distributed through- 
out the mass as in a homogeneous fluid or 
elastic solid. 

The frictional resistance — the “ tangential 
component of the reaction,” as French writers 
fittingly call it — has its origiu in the resistance 
of the atoms to displacement and, since the 


traction will tend to produce rotation, in 
resistance to disturbance of the molecular 
orientation which is a configuration of minimal 
potential energy. When the traction reaches 
a certaiu value fixed by the nature and con- 
figuration of the atoms and molecules of both 
lubricant and superficial parts of the solids, 
the tangential reaction reaches the maximum 
possible and there is “ yield ” on some particu- 
lar tangent plane, the position of which is 
indeterminate owing to the fact that, because 
of the rotation spoken of above, the distribu- 
tion of strain along the normal is a function 
of the intensity of the traction. The common 
equality between static and kinetic frictions 
follows from the fact that the former measures 
the greatest tangential reaction the system is 
capable of. 

The above hypothesis and the limitation 
imposed by our imperfect knowledge may he 
illustrated by considering the friction of faces 
of bismuth in some detail. This metal is 
highly crystalline and so brittle that a plate 
a few millimetres thick can be broken like a 
biscuit. It is readily polished, and in the 
process of polishing an amorphous layer is 
formed covering the crystal facets which pre- 
viously were easily visible to the naked eye. 
This amorphous layer — which may be called 
the Beilby layer — ^is formed, as Beilby showed, 
by a flowing of the metal, and, like a truly 
fluid surface, it forms under the influence of 
surface tension. No polishing powder is needed 
to polish bismuth — ^the operation can be per- 
formed by rubbing the metal on the skin of 
the hall of the thumb. The skin then becomes 
covered thickly with a fine dust of metal, a 
considerable amount of material being rapidly 
removed from the surface, and the dust is 
seen under the microscope to be composed of 
spheres each -01 mm. in diameter. The forma- 
tion of these spheres can be followed under 
the microscope. At the edge of the plate the 
flowing surface of the metal is detached in a 
thin sheet which breaks up into drops under 
the influence of its own tension. The structure 
of the dust and its mode of formation are 
therefore complete evidence of the fluidity of 
the surface produced by rubbing. 

Consider now the structure of the material 
which is to he the seat of strain when two 
such polished faces are separated by a layer 
of lubricant only a fe'w molecules thick. Start- 
ing in the mass of the metal we hdive a magma 
of solid crystals cemented together; this is 
followed in order by the Beilby film of un- 
known but slight thickness, the lubricant, a 
second Beilby film, and finally a second 
crystalline mass- 

In each crystalline mass the molecules are 
disposed in a regular lattice. The disposition 
in the Beilby film is unknown, but the two 
arrangements are probably incompatible with 



LUBRICATION OF SURFACES-MEAN FREE PATH OF A MOLECULE 579 


one another, so that the transition may be : 
expected to be abrupt. In the lubricant the i 
molecules abutting on the bismuth face may 
be supposed to be more highly oriented than 
are those in the middle of the layer. The 
whole region therefore includes four surfaces 
of discontinuity, namely, at the interfaces ' 
between the Beilby films and the crystals on 
one side and the lubricant on the other, and 
a layer, namely the lubricant, which varies 
rapidly in state, the variation being disposed 
symmetrically about an imaginary surface 
midway between the solid faces. It is obvious 
that it is impossible to predict where the yield 
point will be xmder tangential stress in so 
heterogeneous a system, especially as, for 
reasons given above, the cohesion is a function 
of the traction. 

When the friction is high the metal is tom 
if any slipping takes place. This occurs when 
no lubricant is present save perhaps a film of 
condensed gas, and also when the lubricant is ! 
one which fails to reduce the maximum friction , 
— ^that of clean faces — by SO per cent. This 
may be interpreted in two ways neither of 
which is free from difficulty. The first is that 
the yield point is at the interface between 
lubricant and solid, so that the layer of lubri- 
cant becomes broken and the solid faces come 
together. 

The evidence, however, goes to prove that 
tearing of the metal coincides with the in- 
ception ‘of slipping when the layer of Inhricant 
must be still intact, in which case we come to 


the second interpretation, namely, that the 
yield point when the lubricant is capable of 
bearing a tangential stress above a critical 
value is in the metal, possibly at the inter- 
face between the Beilby film and the crystals. 
This second explanation is in better accord 
with, many of the facts, but it leaves the friction 
to be fixed by the yield point of the metal for 
all except good ” lubricants. All “ had ” 
lubricants therefore should be indistinguishable 
from one another — ^they should be “ neutral *' 
substances, as indeed they are for glass. This 
is not the case for bismuth, as the table shows. 

The matter may be left at that. The argu- 
ment was entered into not because it could be 
pushed to a conclusion — more investigation is 
needed to make that i>ossible — but merely to 
illustrate wherein the difficulties lie. 

w. B. H. 


LrB-aiCATiON* of Stefaces endee High 
Peessuee. See ‘‘ Friction,” | (28). 

Lude^’s Determes-atiox op Specific Heat 
ofWatee. See “ Heat, Mechanical Equiva- 
i lent of,” § (7). 

! Lemmee axb Prtxgsheim: Experimental 
; Observations of Temperature of ‘‘ Black 
! Body,” tabulated and compared with 
1 values calculated from the fourth-power 
law. See “ Pyrometry, Total Radiation,” 
§ (3), Table L 

Investigation of Radiation from a “ Black 
Body” Enclosure over the temperature 
range 100= to 1300“^ C. See im §§ (2), (3). 


M 

McNatjght’s Exgese. See “Steam Engines, \ 
Reciprocating,” § (14). j 

Mag^vETIC Tachometees : for measuring | 
number of revolutions per unit time. See i 
“ Meters,” § (7), VoL IIL | 

MaLLOCK’S ExPERDTE^rTS OX THE FrICTIOX i 
OP Ctjeved Surfaces ix Fluids. See 1 
“ Friction,” § (20). I 

Maxometebs. See “Pressnre, Measurement of.” | 
Primary. § (2) et seq. 

Secondary. | (8) et seq. { 

Range and Sensitivity of variouc types. | 

§ ( 28 ). 

jVLaeixe Diesel Oil Exgixes. See “ Engines, 
Internal Combustion,” § (16). 

Maeixe Exgixe, The First. See “Steam 
Engines, Reciprocating,” § (16). 

Maeixe Exgixes. See “ Steam Engines, 
Reciprocating,” § (9). 

Mass, Virtual: the apparent increase of 
mass of a body moving with accelera- 
tion in a viscous fluid ; proportional to 
the mass of the fluid displaced. See 


“ Dynamical Similarity, The Principles 
of,” § (22). 

Experimental Determination of. See ibid. 
§ (23). 

Maxtmu m Exergy Ordixate variation 
with temperature of, studied by Lummer 
and Pringsheim. See “ Pyrometry, Optical,” 

§ (2) (ii-). 

^Iaxwell’s Distetbutiox Law. See “ Ther- 
modynamics,” § (66). 

Maxwell’s Method for Deflectiox of 
Frames. See “ Structures, Strength of,” 
§ ( 24 ). 

Maxwell’s Theorem ox the Relatiox 
BETWEEN Pressure and Temperature 
j OF A Fluid. See “Thermal Expansion,” 

I § (28). 

j ]^Iaxwell’s Theemodyxajecc Relations. See 
j “ Thermodynamics,” § (47). 

I Mean Free Path of a Molecule: the 
! average value of the length of the path 
which a molecule traveraes between succes- 
I sive collisions. See “ Thermodynamics,” 

I §( 66 ). 
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MFASIJREMEXT, UNITS OF ^ 

§ ( 1 ) Fr:s'P AMEis'TAL Units. — ^The fundamental 
units on -vrliieF all physical measurements 
are based are those of mass, length, and time. 
Two systems of units are at present in use: 
the Metric system, with the metre as the unit 
of length and the kilogramme as the unit of 
mass, and the Imperial or British system, in 
which the yard is the imit of length and the 
pound the unit of mass. The system used 
almost universally for scientific purposes is 
that in which the centimetre ( = one-hundredth 
of a metre) is the unit of length, and the gramme 
{= one-thousandth of a kilogramme) is the unit 
of mass. This system is known as the centi- 
metre-gramme-second (C.G.S.) system. 

The choice of units was in the first instance 
arbitrary, and no system based on actual 
physical entities, such as the velocity of light, 
gravitational attraction, etc., is in use. 

The most recent values of the metrical equiva- 
lents of the fundamental British units are those 
legalised in the Order in Council of May 19, 
1898. The equivalents of the units of length 
were obtained by Benoit in 1895, and of the 
units of mass by Broch in 1883, at the Inter- 
national Bureau of Weights and Measures. 

The metric standards of length and mass are 
kept at the International Bureau of Weights 
and Measures in Sevres near Paris, and the 
Imperial units are preserved at the Standards 
Office of the Board of Trade, Old Palace Yard. 

§ (2) Units of LENom (i.) The Metre . — 
The metre is defined as the distance, at the 
melting-point of ice, between the centres of 
two fines engraved upon the polished neutral 
web surface of a platinum-iridium bar of nearly 
X-shaped section called .the Internaticmal 
prototype metre. This is a copy of the original 
Borda platinum standard — ^the metre des 
archives — which was intended to be equal to 
10-" or one ten-millionth of the- length of the 
meridian through Paris from Pole to Equator. 
According to Clarke's figures the correct 
relation is a quadrant = 1-0007 x 10’ metres; 
the mean of the values obtained by Helmert 
and the U.S. Survey for the mean polar 
quadrant is 1-00021 x 10’ metres. The length 
of the bar as constructed is now taken as an 
arbitrary standard. 

(ii.) The Yard. — The yard was defined by 
the Weights and Measures Act, 1878, as the I 
distance at temperature 62° F. between the 
central transverse lines in two gold plugs in the 
bronze bar called the Imperial standard yard, 
when supported on bronze rollers so as best 
to avoid flexure of the bar. The bar is of 
1 inch square section, and is 38 inches long; the 

^ Most of the information contained in this article 

been taken by permission from the Computer's 
Handbooh of the Meteorological Office, to which the 
reader is referred for further details. 


defining lines are at the bottom of two holes 
so as to he in the median plane of the bar. 

(iii.) Equivalents . — 

{a) 2Ietric Units. 

Metre . - . 1 m. =39*37008 in. 

3*280840 ft. 

= 1*093613 yd. 

Edlometre . . 1 km. = 0*6213712 mi. 

(b) British Units. 

Mile . . . 1 mL =1609*344 m. 

Yard . . . 1 yd. = 0*914400 m. 

Foot . . . 1ft. = 0*304800 m. 

Inch . . . 1 in. = 2*54000 cm. 

Nautical mile (English) “ = 1853*152 m. (Adm.) 

=6080 ft. 

= 1*1515 statute mi. 

(c) Astronomical Units . — For astronomical 
work it is convenient to use larger units than 
those defined above. 

The astronomical unit is equal to the semi- 
major axis of the earth’s orbit. 

1 astronomical unit =1*495 x 10® km. 

=9*289x10’ mi. 

Parsec. . . = distance at which the astr. 

unit subtends 1 second (U). 
=2*06 X 10^ astr. units approx. 
=3*083 X 10^3 km. 

= l*9158xl0i®mL 

Light-year . . =the distance travelled by 

light in 1 year (velocity of 
light =2*9986 X lO^^cm./see. 
= 186,326 mi./see.) 

= 0*31 parsec. 

(iv.) Small Units . — For measurements of 
[ the wave-length of light and X-rays the unit is 
one ten-thousand millionth metre, and is known 
as a “ tenth-metre ” or the Angstrom unit. 

Angstrom unit . . . 1 A.U. = 10~^® m. 

Micron 1 =10*® m. 

Millimicron . . . . 1 py. =10"® m. 

Mil 1 mil. = 10*® in. 

(v.) Ancient French Units . — 

1 toise=6 ft. . = 1*9490366 m. = 2*1314918 yd. 

1 foot =12 in. = 0*3248394 m. = 1*0657461 ft 
1 inch = 12 Paris 

lines . . =27*069953 mm. = 1*0657461 in. 

Ifine . . = 2*255829 mm. =0*0882165 in. 

(vi.) Russian Measures . — 

1 verst =1*06678 km. =0*663 mi. 

§ (3) Units of Abea. — ^M easures of area are 
based on the standard of length. 

(i.) Equivalents . — 

(a) Metric Units. 

Square centimetre : 1 cm.^= *1550 in.^ 

= -001076 ft.2 
= *0001196 yd.2 
100 m.^=l are. 

=0*0988 rood. 

10,000 m.^ = l hectare. 

=2-4711 acre. 

“ See § (18) “ Geodetic Measures.” 
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(6) British Units. 

i in.“ . . . . = 0-4>lC cm.2 

1 ft-' ■ - . . = 929 03 cm.- 

lyd.“ .... =8361-3 cm.- 

1 acre .... =4840 sq. yds. 

= 0-4047 hectr. 

1 square mile . . = 259-008 hectr. 

— 2-59 sq. km. 

§ (4) Volume (see also “Measurements of 
Volume,” Vol. HI.). — ^The unit of volume is 
based on the unit of length, but in many cases 
the legal umt has been defined as the space 
occupied by a certain weight of a standard 
liquid — usually water — under standard con- 
ditions. 

(i.) Metric. — An attempt was made by the 
founders of the metric system to correlate the 
two units by defining the unit of mass as the 
mass of a quantity of water which at its 
temperature of maximum density occupied 
1 cubic decimetre ; the litre or unit of volume 
could then be defined as the space occupied 
by a kilogramme of water at its maximum 
density or as the space occupied by a cube 
with side 10 centimetres. The experimental 
relation now accepted is that 1 Mlogramme 
of water at 4’ C., and pressure 760 mm., 
occupies 1000-027 c.c. In 1872 the unit of 
mass was .redefined as the mass of the Inter- 
national kilogramme in its actual state, and 
in 1901 the definition adopted for the litre 
was the space occupied by a kilogramme of 
water at its maximum density and under 
normal atmospheric pressure (760 mm.). 

(ii.) British. — In British units the ffcdhn is the I 
unit of volume, and is defined as the space occu- | 
pied by 10 lbs. weight of distilled water wdghed ; 
in air against brass weights at a pressure of 
30 in. and temperature 62° F. Units based \ 
on the unit of length are also in common use. | 
(iii.) Equivalents. — ; 

(a) Metric Units. ; 

1 c.c. = -0610 c. in. 1 

1 litre =1000-027 c.c. 

= -03531 c. ft. ] 

= 1-7598 pint. I 

= -2200 gal I 

(b) British Units. i 

1 c. m. =16-387 c.c. | 

Ic. ft =28-317 IitT€s=28317 C.C. =6-22882 gaL j 
1 c. yd- = 0-7645 m.® | 

1 pint = -5682 lit j 

1 gallon = 4-5460 Ht | 

§ (5) ;Mass, Measuee of. (L) Metric . — | 
The IniemaiioruiL prototj/jpe hUogramme is the | 
mass of a cylinder of platinum-iridium, which 
is a copy of the original Borda kilogramme — 
the hUogramme des archives. This was intended 
to be equal to the mass of a cubic deci- 
metre of pure water at its maximum denaty 
(see § (4)). 

(ii.) British. — ^The Imperial standard pound 
is the weight in vacuo of a platinum cylinder. 


(iii.) EquImUiits . — 

(^) Metric Vhlts. 

Kilfgramme . . 1 kg. = 2-2040223 Ib. 

Gramme . , , ] ^ 15-432350 gr. 

Metric tonne , . It, = K/iOkg. 

= 22fHt-t>22 lb. 

= 0-9842 tr.n. 

(6) British Units. 

Found . . . 1 lb. =453-.79243 g. 

Ounce (avoir.) - I oz. = 28-3495 g. 

Ounce (trey and 

apotieeaiy) . 1 oz. = 3M<'t34S g. 

Grain . . .1 gr. = 0 ^*^1479892 p. 

Ton . . . lton= 1-016047 l(/> 

§ (6j Density, — The density of any sub- 
stance is the mass of unit volume, and is 
measured in grammes per cubic centimetre, or 
in pounds per cubic foot. The term specific 
gravity is occasionally used to denf4e the 
density of a substance relative to that of 
water. 

1 g. c.c. =62-43 IL. c. ft. 

1 fb. e. ft. = -nhiiV2 g. e.c. 

(i.) Density of Water . — Water has its maxi- 
mum density at 3*9S* C. when pressure ia 76»J 
mm. ; at other pressures the temperature of 
maximum density is given by the fcirmula 
i,„=3-98-*0225(p-l), where p is measujred 
in atmospheres.^ 

The density of pure water under one 
atmosphere for different temperatures is as 
follows : 


TazkpeR»tiir« a. 



Deiaity g./rc. 

268 . . 



. '99930 

273 - . 



. -99987 

277 . . 

. 


. 1-0000 

293 . . 

. 

. 

. -99823 

3iS - . 

. 

. 

. -9881 

, 373 . . 

. 


. -9584 


Density of m&rcury at the normal freezing- 
point of water = 13-5955 g./c.c. 

(ii.) Density of Dry Air . — The density of 
dry air varies with pressure and temperature 
according to the formula 

_ ^ To 

T' 

For dry air free from COa Kegnault obtained 
the value po= 1292-78 g./m.® for P(j=760 mm.. 
To = 273, which gives 

p=348-32l|, 

where p is measured in millibars- The addition 
of 0-64 per cent COj increases the value of 
by 0-021 per cent, and the formula becomes 

p =348-39^- 

i.e. p=1201 g./m.® approximately at 1000 mb. 
I and 290 a, 

i ^ Kaye airi Laby, Physical and Chemical Cements, 
' 1918, p. 22. 
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(iii.) Dtn.'ilbj oj iJam^ Air . — The density of 
damp air may be obtained from the density 
of ail' by means of the formula — 


— O'STSe) 

p — , 

where ^ is the density of dry air, 
p is the total pressure, 
e is the vapour pressure. 


§ (7) Tno:, ilEASUEE of. — The standard of 
time is derived from the period of the earth’s 
rotation, and the unit of time in both metric 
and British systems is the mean solar second 
which is equal to 1/24 x 60x60, i.e. 1/86400 
mean solar days. 

A true solar day is defined as the interval 
between succ^sive tranats of tbe centre of 
the sun’s disc over a meridian, but this interval 
varies throughout the year, and in order that 
the civil day may he of uniform length, 
standard time is measured with reference to 
a mean sun ” which is supposed to revolve 
uniformly round the earth in a time equal to 
the average length of the true solar day. 

(L) The mmn sc^r day on which the defini- 
tion of unit time is based is therefore defined 
as the average interval between successive 
tranats of the centre of the sun across any 
given meridian. 

(ii) The tropical or solar year is the average 
interval between successive passages of the 
sun aero® the first point of Aries (the first 


of rotation of the earth with reference to the 
fixed stars — the value is 23 hours, 56 minutes, 
4-0906 seconds.^ 

(v.) The Sidereal Year is the time interval in 
which the sun appears to perform a complete 
revolution with reference to the fixed stars, 
(vi.) Equivalents . — 

1 tropical or solar 

year . . =365-2422166 mean solar days. 

1 sidereal year =366-2564 sidereal days. 

=365*2564 mean solar days 
(epoch 1900). 

1 mean solar day =86,400 sec. 

=0-002737909 mean solar years. 
= 1-00273791 sidereal days. 

=24 hr. 3 min. 56-56 sec. in 
sidereal time. 

1 sidereal day - =86,164-0906 sec. 

=0-99727 mean solar days. 

=23 hr. 56 min. 4-09 sec. in 
mean time. 

If 1 year . . =360°, 

1 mean solar day =0°59' S-SS'. 
Iweek . . =6°53'58'. 

30 days . . =29°34'10'. 

1 hour . . =1-140795 X 10-^ year. 

=0° ^ 27-847^ 

1 minute . . = 1-90132 x 10"® year. 

=2-464'. 

1 second . . =3-168866 x 10"® year. 

=0-041066'. 

Length of the seconds pendulum in London 
=39-13929 in. 

(viL) Rotation of the Earth. — 

Relative to a star . w =0-00007292 r./s. 
Relative to the sun . 1 hr. = 15°. 

1° =4 min. 


point of Ari^ is the 
point of intersection of 
the celestial equator 
with the ecliptic where 
the sun crosses the 
equator from south to 
north). 

(iii.) The Civil Year. 
— According to the 



Revolutions. 

Radians. 

Degrees, etc. 

Sidereal day.' 
j Mean solar day . 

1 Hour . 

1 Minute - 
j Second . 

1 

1-00273791 
4-178075 X 10-1 
6-963458 x 10"* 
i 1-160576x 10-® 

27r 

6- 300388 
2-625162x10-^ 
4-375270x10-3 

7- 292116x10-® 

360° 

360-98565° 

15-04107° 

15-04107' 

1 15-04107" 1 


Julian calendar the civil year contains 365 
days for three successive years, the fourth 
year containing 366; a further correction is 
made by which a century year contains 365 
days unless divisiblfi by 400, when it contains 
366. 

The average value of the civil year 
365x3034-366 x 97 
400 

=365-2425 days, 

and is accordingly approximately equal to the 
solar year, which contains 365-2422 mean solar 
days. 

(iv.) The Sidereal I)ay is defined as the 
interval between two consecutive transits of 
the first point of Aries across any selected 
meridian, and is therefore equal to the period 


§ (8) Standard Time. — For the British 
Isles and the greater part of Western Europe 
(France, Belgium, Spain, and Portugal) Green- 
wich Mean Time is the standard and is known 
as G.jVLT. or W.E.T. (Western European Time). 
For other countries a system of zone time has 
been adopted in which the time is referred to 
some standard meridian chosen so that the 
difference between the standard time for the 
zone and G.M.T. is a whole number of hours 
or half-hours. Thus zone 0 lies between 
W. and E. and keeps the time of meridian 
0°, %.e. G.M.T. ; zone 1 lies between 7J W. 
and 22^ W., and keeps the time of meridian 
15° W., i.e. one hour behind G.M.T. ; zone 

^ Owing to the “ precession ” of the earth’s axis the 
true period of the earth’s rotation is approximately 
*01 secs, longer than the sid^eal day. 
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- 1 is between 7J- E. and 22 J E., and keeps ^ 
the time of meridian 15' E., one hour in front ' 
of G.M.T. Some adjustment of the zones is i 
made on account of political boundaries. i 

(L) Local Mean Time. — In order to convert j 
time in G-M-T. into local mean time add 4 : 
minutes for each degree of longitude for places 
east of Greenwich, and subtract 4 minutes for 
each degree for places west of Greenwich. I 
(ii) Apparent Time. — Time bsised on the j 
length of the true solar day is called apparent ' 
time,” and it is this which is measured by a i 
sundial or sunshine recorder. In order to ! 
obtain local apparent time from local mean ! 
time a correction must be applied, known as j 
the equation of time. The correction is zero on j 
April 16, June 15, September 1, and December 5, j 
reaches maxima of *f 16 minutes 21 seconds on 
November 3, and + 3 minutes 49 seconds on 
IVIay 14; and minima of - 14 minutes 25 seconds 
on February 12, and - 6 minutes 18 seconds 
on July 26— a positive sign meaning that the 
value is to be added to mean time to obtain 
apparent time, and a negative sign meaning 
that the value is to be subtracted. Accurate 
values of the equation of time for each day 
are given in the Xauiical Almanac. 

(iii.) Sidereal Time. — ^If a great circle be 
drawn from the pole to a star, the angle this | 
hour circle makes with the meridian is termed ^ 
the hour angle. The hour angle west of the | 
first point of Aries, turned into time at the j 
rate of 15° per hour, is known as sidereal time, j 
(iv.) Summer Time. — Since 1916 it has been \ 
the practice in mo^ countries of Western | 
Europe to use Summer Time, which is one j 
hour in advance of G.jVLT. The j^riod over ^ 
which summer time extends varies in difierent j 
countries and from year to year. s 

§ (9) Measures of Aijqle. — ^The symbol r j 
is used to denote the ratio of the circumference j 
of a circle to its diameter. j 

?r=3*14159265, j 

log TT =0-49715, I 

^=0-318309886, ] 



(i) The Badian. — ^The unit of measurement 
for angles is the radian, which is equal to the 
angle subtended at the centre of a circle by 
an arc of length equal to the radius. 

TT radians = 180°, 

1 radian =57-29578° 

=57° 17' 44-81% 

1® . =0*017453 radians, 

(ri.) The Point. — ^Wind direction is often 
measured in points where 

1 point =^ (360°) =111°. 

§ (10) Velocity, Measure OF.—The vdocity 
of a body is defined as the ratio of the distance 


moved through to the time that is taken ; 
the unit of velfK-ity is such that unit distance 
is moved through in unit time, and is accord- 
ingly fixed by the fundamental units of space 
and time. 

In the metric system velocity is measured 
in centimetres per second (C-G.S- unit ), metres 
per second, or l^lometres per hour ; and in the 
British system in feet per second, miles jjcr 
hour, or knots. The unit chosen depends to 
a large extent on the magnitude of the quan- 
tities to be measured. 

The equivalents of the several units are as 
follows : 

(L) Metric Units . — 

Centimetre per second : 1 cm. ,s- =0*C*32S0S4 ft./s. 

=0 022369 mi/ hr. 

=0*019435 knots. 

Kilometre per hoar : 1 km., hr. =0*62137 12 mi. hr. 

(ii) British Units . — 

Foot per second : 1 ft. s. =fr304SO0 m. s. 

Mile per hour : 1 mi. hr. =0*44707 m. 's. 

= l*r7(j9341: km. hr. 

Knot. - . 1 knot =1 naatic-al mile hr. 

= 1*1515 ni. hr. 

=0*51453 lEL S. 

(iii) Tdocity of Light— The mean value of 
the velocity of light in vacuo is 2*9986 x 10^® 
cm-/sec. = 186,326 mi./sec. 

(iv.) Angular vdocHy is measured in radians 
per second (1 radian =57*296“'), or in the 
number of revolutions per umt time. 

§ (11) ACCELEEATI02?, MEASURE OF. — The 
unit of acceleration is such that in umt time 
the velocity changes by unit amount, and it 
depends therefore solely upon the units chosen 
for length and time, and has dimenrions, 
veloeity/time, i.e. L/T®. 

(i) Metric Units.— The C.G.S. unit is the 
“ gal.,” which is 1 centimetre per second per 
second. 

1 gai =1 cm. /s.® =04)328084 ft/s.® 

1 leo. = 1 decametre per second per second. 

1 milligal- = 10''® citl/s.® 

= 10 micron/s.® 

(ii) British Units . — 

1 foot per second per second =30* 4800 cm./s.® 

For acceleration of gravity, see § (17) 

“ Gravity.” 

§ (12) Force, Measure of. — Force is 
! measured by the acceleration produced in 
j unit TWflgRj and umt foixje is that which would 
i produce unit acceleration in unit mass. Force 
j may also be meaBured by change of momentum 
' per unit time, and has therefore the dimen- 
1 sions of momentum/time =ML/T®. 

' (i.) Metric Units. — ^TheunitontheC.G.S.syB- 
j tern is the dyne, or the force which accelerates 
I or retards the velocity of a mass of 1 gramme 
I hy 1 cm. per second per second- A gra'^ta- 
i tional unit which is the weight of 1 gramme is 
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also used ; it is equivalent to g dynes, and 
therefore varies vith latitude and height above 
sea-level (see § (1”) ‘‘ Gravity ”). 

(ii.) British Units. — The British unit is the 
poundal,” the force vhich in one second 
retards or accelerates the velocity of a mass 
of 1 lb. by 1 ft. per sec. per sec. The corre- 
sponding gravitational unit which is commonly 
employed by engineers is the weight of 1 lb. 
= g poundals- 
(iii.) Equivalents. — 

1 djTie . . = 1 gramme centimetre per second 

per second. 

=weight of -00102 g. 

= 7-233 X 10"^ poundals, 

1 gramme weight =980-6 dynes at latitude 45®. 

=981-2 dynes at London. 

=978-1 dynes at the Equator. 

=983 dynes at the Pole. 

1 poundai . = 13,825 dynes. 

1 pound weight =32- 172 ponndals at sea-level in 
latitude 45°. 

=4-45 X 10® dynes. 

§ (13) Work Ajn > EifERGY, Measure of. — 
A force is said to do work when its point of 
application moves in the direction of the force, 
and the work done is measured by the product 
of the force and the distance through which 
the point of application moves. 

Energy is mea>sured by the work which a 
body can do ; it may take the form of : 
Potential energy or energy of position, 
Klmetic energy or energy of motion, 
Thermal energy or energy of heat. 

(L) Metric Vnits . — The unit on the C.G.S. 
system is the erg, which is the vork done by 
a force of 1 dyne when its point of application 
is moved through 1 cm. ; usually a unit 
10^ ergs=l joule is used. A practical unit is 
the kilogramme metre, which depends on the 
value of g. 

(ii.) British Units. — ^The British unit is the 
“ foot-poundal,” with a corresponding gravita- 
tional unit the foot-pound. 

(iii.) Equivalents (g =9Sl cm./s.^). — 

1 erg .... = gramme (centimetre per 

second)^. 

=2-3731 X 10“ ® foot-poundals. 
= 7*373x10-8 ft. lbs.* 

1 joule . . . =10'^ ergs. 

1 kilogramme metre = 10® gramme cm. 

=5^x10® ergs =9-81x10’^ 
ergs.* 

1 Board of Trade Unit 
(B.T.U.) . . = 1 kilowatt-hour. 

=3-6 X 101® ergg 

Boot-pound : 1 ft. lb. = 13825 gram, cm. 

= 1-3562x10" ergs.* 
Boot-poundal . . =4-2139 x 10® ergs. 

Boot-ton . . . =2240 ft.-lbs. 

=3-097 X 10’' g.cm. 
=3-0380x101® ergs.* 

Note . — The valu^ marked with an asterisk (*) are 
dependent on the value of the acceleration of gravity gr. 


(iv.) Bate of Working. — The rate at which 
force does work is measured in units of work 
per second. 

On the C.G.S- system the unit is 1 erg per 
second or g.(cm./s.)®/s. The practical unit is 
the “ watt,” which is equivalent to 1 joule 
per second. 

In British units the common unit is the 
horse-power = 550 ft.-lhs. per second. 

(v.) Equivalents . — 

1 watt . . = 10’ erg/s. 

= 1 joule per second. 

= 1-34 X 10“® horse-power, 

1 horse-power . =550 ft.-lhs. per second. 

=7-46x10® erg/s. 

=746 watts. 

1 force de cheval =7-36 x 10® erg/s. 

§ (14) Pressure, Measure op. (i.) Units. 
— ^Pressure is the force per unit area which 
any liquid or gas exerts on the surface in 
contact with it. The unit of pressure is that 
produced by unit force acting on unit area, 
and on the C.G.S. system is a force of 1 dyne 
per square centimetre, on the British system 
a force of 1 poundai per square foot. Units 
depending on the value of g, such as 1 
gramme weight per square centimetre or 1 lb. 
weight per square foot, are also in common 
use. 

(ii.) Barometric Pressure. Bar and MillU 
bar. — After the introduction of the barometer 
pressure came to be measured as the length 
of a column of fluid, usually mercury (see 
“Atmosphere, Physics of,” § (1)); and this 
length was subsequently corrected for varia- 
tions in the value of g and of temperature. 
The relation between the “ mercury - inch ” 
and the “ mercury-millimetre ” and the value 
of pressure in units of force is obtained from 
the equation 

pressure in dynes per square centimetre, 

where I is the length of the column in centi- 
metres, p is the density of mercury in grammes 
per cubic centimetre, g is the acceleration of 
gravity in cm./s. ® 

More recently the practice has become 
established of measuring the pressure of the 
atmosphere in units of force, and for this 
purpose the millibar, which is equivalent to a 
pressure of 1000 dynes per square centimetre, 
has come into use in the British Isles (see 
“Millibar”). The normal atmospheric press- 
ure at sea-level is 1013-2 millibars, which 
differs little from 1 bar. In the United 
States the “ bar ” is taken as equivalent 
to 1 dyne per square centimetre, and the 
pressure of the atmosphere is measured in 
kilobars, which are equivalent to the English 
millibars. 
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(iii.) EquivaUnta . — 

C.G.S. 

1 dyne per sq. cm. = I microbar i =1 bar U.S.A.). 

== 1'45 lbs. 'aq. in. 

=2‘95306 X 10" *' mercury -inches. 

=7*50076 : 10"^ mercury - milli- 
metres. 

1 millibar . . =1000 dyn^ per square centi- 

metre. 

= 1 kilo bar ^ U.S.A. >. 

1 centibar . . =10 millibars. 

British Unit. 

Mercury-inch . =1 inch of mercury at 32’ F. 

in latitude 45’. 

=33-8632 mb. 

Mercury-millimetre = 1 mm. of mercury at 0’ C. in 
latitude 45’. 

= 1-333200 mb. 

760 mm. =1013-231 mb. 

1000 mb. =14-496 lb./m.® 'I . t .i 
=2087-424 

1 Ib./sq. in. =68,971 dynes/cm.- =70-31 gm. cm.^ 

1 ton/sq. in. = 1*545 x 10* dynes /cm.^ = 1-575 
kgm./min.- 

Russian Half-lines (normal at 62" F.). 

1 half-line =1-GSS01 mb. =-0498 in. 

GCXJ half-lines = 1012-804 mb. 

The standaird ” atmosphere is equiva- 
lent to 

760 mm. mercuiy at 0^ C., lat. 45’, and sea-IeveL 

=759*4 mm. mercury at 0° C. in London. 

=29-92 in. mercury at 0° C-, lat. 45°, and sct.- 
leveL 

= 1*0132 X 10® dynes per cm.* 

= 14-7 lbs. per sq. io. 

=0-94 tons per sq. ft. 

§ (15) Temperattjee, Measure of. — ^Three 
arbitrary scales are in nse for the measurement 
of temperature, viz. the Centigrade, the 
Fahrenheit, and the E^mnur. In all the 
fixed points of the scale are — (1) the tem- 
perature of ice when melting under standard 
atmospheric pressure of 760 mm. ( 1013-2 mb.) ; 
and (2) the temperature of steam from water 
boiling normally under pressure 760 mm. 
The scales differ, however, in the numerical 
values assigned to these two tempera- 
tures, and consequently in the size of the 
degree. 

(i.) C&rdigrade. — On the Centigrade scale, 
which is now used almost universally for 
scientific purpose, the temperature of melting 
ice is taken as the zero, and the temperature 
of boiling water as 100'’. Temperatures on 
this scale are denoted by ^C. following the 
value, and for values below the' melting-point 
a negative sign is prefixed. 

(iL) Fahrenheit. — On the Fahrenheit scale, 
which is commonly used in the British Isles, 
the melting-point of ice is 32° F., and the 
boiling-point of water is 212° F. The scale 
was originally introduced by Fahrenheit in 
the early part of the eighteenth century. 


The zero denoted the lowest temperature then 
reached, viz. the temperature of a mixture ni 
ice and salt, and the normal temperature of the 
human body, which was found to be nearly 
constant, was taken ais 24°, the melting-point 
of ice being 8°. The size of the degree was 
then reduced to one-fourth, and the fixed 
points became 0°, 32% and 96°. The scale was 
subsequently redefined to agree with the centi- 
grade scale at 0° C. and 100° C. 

(iii.) The Reaumur Srale. — On this scale the 
melting - point of ice is indicated by 0° B., 
and the boiling - point of water by 80° B. 
The scale was until recently in common use 
on the Continent, but is gradually being 
replaced by the centigrade scale. 

(iv.) Absolute Scale. — The absolute scale of 
temperature, sometimes known as the thermo- 
dynamic or work scale, was originally intro- 
duced by Lord Kelvin, and is based on a 
consideration of the amount of work which 
can be obtained from a heat engine for a 
given supply of heat. The zero is such that 
a heat engioe working between any source 
and a receiver at the zero of temperature 
would convert all the heat taken in into work 
(see “Thermodynamics,” |§ (21}, l22)). 

If the size of the degree is taken as equal to 
that on the centigrade scale the temperature 
of absolute zero is approximatelv - 273° C« ; 
for degrees on the Fahrenheit s^e the tem- 
perature of absolute zero is - 459*44° F. 
The centigrade thermodynamic scale is adopted 
as fnndameatal by tbe Xational Physical 
Laboratory in view of resolutions of tbe Hfth 
General Conference of Weights and Measures, 
1913. 

The scale of the hydrogen gas thermometer 
at constant volume is nearly coincident with 
the work scale. Some of the more recent 
values for the absolute temperature of tbe ice 
point on tbe bvdrogen scale are 273*14 (Cal- 
endar, 1903), 273*05 (Berthelot, 1907), 273*06 
(Buckingham, 1908), 273T3 (Bose-Innes, 
1908). 

The name “ Tercenterimal ” has been sug- 
gested for an approximate absolute scale, 
taking the zero as - 273° C., and Quingente- 
simal ” for a scale in Fahrenheit degrees 
measured from - 459° F. 

(v.) Kilograd Scale — A fifth scale recently 
suggested by Professor McAdie is one in which 
the zero is "^ken at — 273° C., and the degree 
is one - thousandth of 273 centigrade 

degree; the normal freezing-point is there- 
fore taken aa 1000. 

(vi.) Equivalents. — ^The relations between the 
scales are as follows : 

C.=KF-32)=fR=A-273 (approx), 
F.=32-f|C=32-f|R=|A-459*4, 

R. = |(F - 32) = I C = |(A - 273), 

A. = ^(459 ~ 4 -l-F) =273 -h C = |(218-4 + R). 
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The relation between the size of the degrees 
on the four scales is 

r C=r A = |° F=|° R. 

§ (16) Heat, Measure of Quantity, (i.) 
Units. — The empirical unit for the measure- 
ment of quantity of heat is the amount of heat 
required to raise the temperature of unit mass 
of water through one degree, and depends on 
the unit chosen for the measurement of mass 
and on the scale of temperature. 

In physical investigations the unit of heat 
is the gramme-ccdorie, or the heat required to 
raise 1 gramme of water through a temperature 

of r c. 

The unit of heat in British units, known 
as the British Thermal Unit, is the quantity of 
heat required to raise the temperature of 1 lb. 
of water through 1° F. 

The unit of heat so defined is not the same 
at different points of the scale, and for pre- 
cision the limits through which the tempera- 
ture is raised must be specified. The unit 
used by Regnault — ^the “zero-gramme-calorie” 
— ^was the quantity of heat required to raise 
1 gramme of water from 0° to 1® C. The 
20° C., and 15° C. calorie, are also used to 
denote the value of the calorie for T=20° C. 
and T = 15° C. respectively. More recently 
Professor Gallendar has defined the “ mean 
calorie ” as one-tenth of the quantity of heat 
required to raise 1 gramme of water from 
288 a. to 298 a. — 15° C. to 25° C. ; the same 
term is, however, sometimes used to denote 
one-hundredth of the heat required to raise 
1 gramme of water from 273 a. to 373 a. 

1 British Thermal Unit = 777 ft.lbs. — 252-00 calories. 

1 calorie - . . =0-00397 B.ThU. 

The large calorie, or 

major calorie . = 1000 calories, 

(ii.) Dynamicui Equivalerd of Heal. — ^When 
it became recognised that heat is a form of 
energy, it became possible to connect the 
empirical units defined above with the funda- 
mental units of mechanics. The relationship 
depends on the experimental determination 
of the mechanical enei^ equivalent to a 
certain quantity of heat, a quantity which has 
come to be known as the Mechanical or 
Dynamical Equivalent of Heat. 

The fundamental relation is 

1 mean calorie (273 a.-2S3 a.)=4-184 joules. 

1 20° calorie .... =4-180 joules. 

The reciprocal of the dynamical equivalent 
usually denoted by A = 0-239. 

(iii.) Capacity for Heat. — The capacity for 
heat of any substance in calories (or B.Th. 
Units) is the quantity of heat required to 
raise unit mass through 1° 0. (or 1° F.). 

(iv.) Specific heat of a substance is the ratio 
of its capacity for heat to the capacity for 


heat of water at some standard temperature. 
For standard temperature 293 a. the specific 
heat is numerically the same as the capacity 
for heat in calories per gram per degree. 

(v.) Specific Heat of Water. ^ — The value of 
the specific heat of water at various tempera- 
tures is as follows (Kaye and Laby for 20° 
calorie) : 


— 

Temperature. 

Specific Heat. 

Joules. 

273 a. = 0°C. 

1-0094 

4-219 

283 a. = 10° C. 

1-0027 

4-191 

293 a. = 20° C. 

1-0000 

4-180 

303 a. = 30° C. 

•9987 

4-175 

313 a. = 40° C. 

■9982 

4-173 

323 a. = 50° C. 

-9987 

4-175 

333 a. = 60° C. 

1-0000 

4-180 

343 a. = 70° C. 

1-0016 

4-187 

353 a. = 80° C. 

1-0033 

4-194 

363 a. = 90° C. 

1-0053 

4-202 

373 a. = 100° C. 

1-0074 

4-211 

393 8. = 120° C. 

1-0121 

4-231 

413 a. = 140°C- 

1 1-0176 

4-254 

433 a. = 160°C. 

1-0238 

4-280 

453 a. = 180° C. 

1-0308 

4-309 

473 a.=200°C. 

1*0384 

4-341 

493 a. =220° a 

1-0467 

4-376 


The specific heat of sea water at 290 a. =0-94, 
ice at 260 a. =0-502. 

(vi.) Specific Heat of Gases. — The specific 
j heat of gases has different values according as 
the temperature is raised at constant pressure 
or at constant volume. 

Dry air at constant press- 
ure at 293 a. (Cp) . =0-2417 (Swann, 1909). 

Dry air at constant volume 
(Cp) at 273 a. . . =0-1715 (Joly, 1891). 

Water vapour at constant =0*4652 (Holbom and 
pressure at 373 a. . Henning, 1907). 

Water vapour at constant 

volume at 373 a. . =0-340 (Pier/ 1909). 

The ratio of the specific heats, usually de- 
noted by K or y = CJC„, is a quantity of some 
importance. 

Velocity of sound in any gas • = \^y .pip. 

For a gas expanding adiabatically pv'f = const. 

T/p^^ ^^^^= const. 

For dry air 7=1-40 

(7_1)/7=.286. 

(vii.) Latent Heal. — The latent heat of vapor- 
isalion is the amount of heat required to change 
1 gramme of substance from hquid to vapour 
without change of temperature. 

Latent heat of steam at 273 a. =697 calories. 

=2495 joules/g. 

Latent heat of steam at 373 a. =539 calories. 

=2252 joules/g. 

^ For a discussion of this quantity and values hi 
terms of a 17-5^0. calorie, see ‘‘Heat, Mechanical 
Equivalent of,” §§ (7), (9). 
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The formula connecting latent heat and 
temperature given by Smith ^ is 

L j,= 59 7*2— •58r>(T- 273), where L is in calories. 

Lj=2495- 2*43(T - 273), where L is in joules. 

The latent heat of fusion is the quantity of 
heat required to convert 1 gramme of sub- 
stance from solid to liquid without change of 
temperature. 

Latent heat of 1 gramme of water =79-77 calories. 

=333-4 jouleii g. 

§ (17) Gravity, ^Measure of. — The law of 
universal gravitation is that every body 
attracts every other body with a force which 
varies directly as the product of the two 
masses and inversely as the square of the 
distance between them, 

(i. ) The constant of gravitation is the constant 
G in the law of attraction set out above, and 
is defined by the equation 

■n i j.- /..mass X mass 

Force of attraction = G — . .-t; — , 
(dist.)- 

G = 6*6576 X 10“® cm.®/g.s-- (Boys). 


In British units, putting R = 2'U9 > 10" feet, 
y =32*172(1 -*00259 cos 2p)a -5*97 x 10" Vi), 

! where h is in feet. 

The above formula applies to places on 
tbe earth’s surface at different heights 
above sea-level, and tabes account of the 
additional attraction of tbe high ground; 
for points above tbe earth's surface the factor 
R“/{R-^^)^=l/(l-t- A which is approxl- 
mately equal to 1 - 2A ;R if is small, 
replaces 1 - 5^/4R. 

(iii. ) Centrifugal Force of the Earth" s Mffkition. 
— On account of the rotation of the earth the 
acceleration produced in any body is the 
resultant of the acceleration product by the 
gravitational attmetion of the earth, and the 
acceleration produced by the centrifugal force 
of the rotation. This latter com|>onent is 
equal to - Rw- cos^ (pn where R is the radius 
of the earth and u? the angular velocity. 

At the equatftr R = 6*377 10® cm., and since 

w = 7-292 A 10"° r. 's.. 


(ii.) The acceleration of gravity is the accelera- .*. Ra^ =3*39 cm. 

tion produced in any body by the force of 

the earth’s attraction ; as actually measured hence for latitude (p the value of <7 is diminished 
the acceleration is that due to the earth’s ^ em./s.®, on 

attraction minus the centrifugal force of the ' account of the rotation of the earth, 
earth’s rotation. j § Oeodetic Meastjees. (i) The 

Owing to the fact that the earth is not ATilc,— According to the definition 

perfectly spherical ia shape, but is more ; adopted in England and the CmW States, 
nearly a spheroid, and also on account of the ' nautical mile is equal to the lengtli of 
variation with latitude of the centrifugal force ' minute of arc of a great circle on a spherical 
of the earth’s rotation, and the irregularities I ®arth assumed to have the same area as 
in the density of the earth’s surface, the Cla^® s ellipsoid (see below), 
formulae giving the variation of g over the i ^ Continent the terms nautical 

earth’s surface are complicated, ’ ” and “ geographical mile are mter- 

A formula of the following form is ^ven by changeable, and both are defined ^ the 

length of arc of one minute of latitude wnicn 
varies from 1842*7 m. at the equator to 
1861*3 m. at the poles. 

Adopting the Fuglish definition for nautical 
where <p is the latitude, R the m^in radius | mile, 
of the earth, h = height above sea - level, 1 

= thickness of surface strata of low density, | Nautical mile . =1853*152 m. (Admiralty). 

A = mean denaty of the i^uth (5*6 x density =^)80 feet. 


Helmert : 
gr=A(l +B sin^ <p)( 




of water), 5= mean density of surfe-ce strata ' = 1-1515 statute miies- 

(2-8 X density of water), 0= actual density of ' Geographical mile =1852 m. (Annuaire du Bnreau 

the surface strata in the region, y=oro- 1 Central des longitudes). 


graphical correction due to ntighbouring 


= 6076*8 feet. 


mountains. 


Assuming that d=B and y is n^ligihle, we 
obtain 

ff =980-617(1 --00259 cos 2^)(l-| 

where gf= 980*617 is the value of gravity at 
sea-level in latitude 45°. 

Putting R = 6-37 x 10® metres, 

^ =980*617(1 - *00259 cos 2<^)(1 - 1*96 x 10-'% 
where A is in metres. 

^ Phys. Itev., 1907. 


(iL) Clarices EUipsoid . — ^The surface of the 
p lfl.n pt as determined by “ sea - level ” is 
approximately an ellipsoid, known as darkens 
ellipsoid, with axes as follows : 

Semi-polar . =6,356,068 m. ; 

Semi-equatorial axes=6,378,f^ mu and 
6,376,350 m, ; 

and according to Cflarke’s figures : 

1 quadrant =10,007,000 m. 
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The values of the radii have also been given 
as follows : 


r 

1 

1 1 

Equatorial - 
Radius. 1 

Polar 

Radius. ' 


m. 

m. i 

Clarke, 1880 

6,378,249 ; 

6,356,515 I 

j Helmert, 1906 . 

6,378,200 

6,356,818 ; 

j LLS- Survey, 1906 . 

6,378,388 

6,356,909 j 

d 


(iii.) Geodetic Constants . — The mean polar 
quadrant = 10,002 kilometres (determined from 
a mean of Helmert and P.S. Survey). 

Value of Equator . =978-024 cm. /s.^ 

Lat. 45° . =980-617 cmu/s.^ 

London . =981-19 cm./s.^ 

Pole . . =983-210 cm.fs.^ 

Mean density of earth . =5-5 g./c.c, approx. 

Mean density of surface of 

earth .... =2-65 g-/c.c. 

Volume of earth . - =1-082 x 10^^ m.^ 

Mass of earth . . . =5-98 x 10^^ g. 

=5-87 X 10^^ tons. 


Area of land (estimated) . =1-45 x 10^® cm.® 

Area of ocean (estimated) =3-67 x 10^® cm.® 
Mean depth of ocean 

(Murray) . . . =3-85x10^ cm. 

Volume oi-8oean . . =1-41 x 10®* c.c. 

Mass of ocean . . - =1-45 x 10®* g. 

Mass of the atmosphere - =5-33 x 10®^ g. 

Velocity of a point on the equator due to the 
earth’s rotation =Rw =4-64 x 10* cms./s.® or 1037 
miles per hour approx. 


Length of 1° op Longitude in dhterent 
Latitudes 


Latitude. 

Metres. 

17autical 

Miles. 

1 

Miles. 

0° 

111,307 

60-064 

69-164 

10° 

109,627 

59-157 

68-120 

20° 

104,635 

66-463 

65-018 

30° 

96,475 

62-060 

59-948 

40= i 

85,384 

46-075 

53-056 

50° 

71,687 

38-684 

44-545 

60° 

55,793 

30-107 

34-669 

70° 

38,182 

20-604 

23-726 

80° 

19,391 

1 10-464 

12-049 

90° 

0 

0 

0 


(ii.) 3Ioon . — 

Distance . . . =60-27 earth’s radius. 

.... =^Y;^x earth’s mass. 

Diameter . . . =2163 miles = 3481 km. 

Inclination of moon’s 
orbit to ecliptic . =5® 8^ 43^. 


Mechanical Eeeiciency. See “Petrol Engine, 

The Water-cooled,” § (4). 

Mechanical Equivalent op Heat : the 
amount of work (J) which must be 
expended in the production of unit 
quantity of heat, if the work is wholly 
converted into heat. In the absolute 
(C.G.S.) system J = 4-1868 x 10^ ergs per 
gramme-calorie. On the British system 
J= 777-8 foot-pounds per B.T.U. This 
assumes 1400 foot-pounds (in the latitude 
of London) as equivalent to one mean 
pound-calorie. If we assume the standard 
thermal unit to be the energy required to 
raise one gramme of water from 17° 0. to 
18° C., then J = 4*185xl0^ ergs, and 
assuming ^=981, its value is 252*0 kilo- 
gramme-metres, or on the British system, 
777*6 foot - pounds. See also “ Heat, 
Mechanical Equivalent of ,” § (9) ; “ Thermo- 
dynamics,” § (3). 

Comparison of Reliable Determinations of. 
See “ Heat, Mechanical Equivalent of,” 
§( 6 ). 

Criticism of Discrepancies in Values of. 
See ibid. § (3). 

Discussion of Data of Various Determina- 
tions and Selection of Reliable Values. 
See ibid. § (3). 

Direct Determination Experiments. See 
ibid. § (4) (i.). 

Ind i rect Methods of Determination of. 

■ See ibid. § (5). 

Joule’s Method of Determination of. See 
ibid. § (4) (i.). 

Summary of Methods of Determining. See 

ibid. § (7). 


§ (19) Asteonomical Constants, (i.) 
Sun . — 
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Distance from earth . = 1-494 x 10^^ m. 

=9-282x107 miles. 

Mass . . . . = 329,320 x earth’s mass. 

Equatorial diameter an- 
gular . . . . =32' 2^-36. 

=865,980 mil^. 

= 1,393,338 km. 

Mean time taken by light 
from sun to earth . =498-2 seconds. 

=8-3 minutes (approx.). 

Obliquity of ecliptic . =23° 27' 4''*04 (1909). 

Mean equatorial solar 

parallax (Hinks, 1909) =S"'-807. 


The mechanical powers are simple pieces 
of apparatus devised originally with the 
object of raising a heavy weight by the 
application of a small force. Let P be the 
applied force, and suppose that by the motion 
of its point of application through a distance 
a, measured in the direction of the force, the 
weight W is raised a vertical distance 6, or 
more generally a force W is exerted through 
a distance 6. 

Then the work done by the force is Pa, that 
done on the weight is Wb, and, neglecting 
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any losses in the machine due to friction and 
other causes, these two are equal. Thus 

Pa=:W6 


The construction of the machine is such 
that a is considerably greater than fc, so 
that a large "weight is raised by a small 
power. 

Since the displacements a and b take place 
in the same time the quantities a and b 
measure also the velocities f)i the points of 
application of the weight and the power; 
the equivalence of work expressed by the 
equation used to be known as the 

principle of virtual velocity, and a-b is spoken 
of as the velocity ratio of the machine; it 
measures, as we have seen, the ratio of the 
weight raised to the force applied. 

§ (1) The tscLDTED PiANE.— The inclined 
plane is one of the most ancient of the mechani- 
cal powers known to mankind. It is probable 
that it was used, in its ancient form, in the 
raising of large stones such as those used 
in the construction of the pyramids or of 
Stonehenge. 

If the length of the plane, measured along 
its surface, be denoted by a, and the height 
and horizontal distance by ^ and 7 respectively, 
then the displacement of a body along the 
plane will be represented by a, the vertical 
displacement by and the horizontal displace- 
ment by 7 ; a, and 7 also represent the 
relative velociti^ in these three directions. 

A survival of the ancient use of the inclined 
plane as a means of raising heavy loads is 
seen to-day in the railway embankment, by 
which a railroad is carried up and down bill, 
the gradient being reduced to a workable 
minimum by the erection, at enormous ex- 
penditure of labour, of long sloping banks of 
earth. 

In the form of the wedge, the inclined plane 
is commonly employed in a great variety of 
ways, from the common wedge for splitting 
timber to its use in apparatus and machinery 
of precision. 

§ (2) Pulleys. — Combinations of belts or 
ropes and pulleys are used to transmit 
rotational motion between shafts, the axes 
of which may be at any angle to each 
other. In belt driving it must always be 
arranged that the point at which the belt 
leav^ one pulley must be in the central plane 
of the next pulley over which the belt has 
to pass. If this rale is observed the belt 
will remain on the pulleys for one direction 
of drive, hut if it is desired to drive in both 
directions properly placed guide pulleys must 
be provided. 

(i.) Tackles. — In a combination in which one 
axis is capable of moving parallel to iteelf, the 


mechanism is commonly termed a “ tackle,” 
the object of which is to cause relative dis- 
placement of the axes on which the pulleys 
rotate : the rotation Cff the pulleys is not 
essential to the mechanism, their object being 
purely to minimise friction. 

Of the combinations forming “ tackles ” or 
“ purchases ' there are three common systems, 
in the first, Fig. 1 , the weight is Kii.sj>endcd 
from the axle of the lowest pulley and the 
rope passing round it is attached at one end to 
a fixed beam above, the other end being fixed 
to the axle of the next lowest pulley : the 
rope passing round the latter has one end 
attached to the beam and the other to the 
axle of the third pulley, and sri on. The 
last rope has a free end* by which the force 
required to lift or lower the* weight is applied 
in a vertical direction. 

The velocity ratio of the system is 2 *^, where 
n is the number of pulleys. 

In the second system, F Ig. 2, one rc?pe only 



Fig. 1. Fig. 2. 


is used, and this passes round all the pulleys 
in turn. Two blocks are provided, each 
canying a number of pulleys either on the 
same or separate axles. 

The upper block is supported from a beam 
and the lower carries the weight to be lifted 
or lowered. The rope is fixed at one end to 
the upper block and passes successively 
under the first pulley of the lower block, 
over the first pulley of the upper block, 
under the second pulley of the lower block, 
and so on, travelling in the same direction 
throughout. At the free end of the rope 
the force is applied. 

The velocity ratio of the system is numeri- 
cally equal to the number of ropes connecting 
the upper and lower blocks. 

In the third system. Fig. 3, all the ropes 
are attached to the weight, or to a beam 
supporting the weight. The rope passing 
over any pulley is attached at one end to the 
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beam, and at the other to the axle of the 
next lower pulley except in the ease of the 
lowest pulley, where the free end forms the 
means of applying the force. The first or 
uppermost pulley is supported by its axle 
from, an overhead beam, 
and the weight is slung 
from the lower beam 
at a point suitably 
chosen so that all the 
ropes remain parallel 
to each other. If there 
are n pulleys, the velo- 
city ratio is 2" — 1. 

(ii.) Biffereyitial Pul- 
leys — WestorCs Differ- 
ential BlocK — The 
upper block of this 
tackle carries two pul- 
leys differing slightly 
in diameter and fixed 
to the same axle, and 
the lower block a single 
pulley. 

Fig. 3. The chain passes 

over one of the upper 
pulleys, then under the lower one, and finally 
over the second upper pulley on the opposite 
side of the axle, as shown in Fig, 4. A fair 
length of chain is retained, the ends being 
joined to form an endless linkage. The 
pulleys are grooved to receive the chain 
links so that no slip of the chain over the 
pulleys is possible. 

By this device a very high velocity ratio 
can be obtained, and is equal to 2D/(D-d), 
where D and d are the diameters of the two 




Fig. 4. 


upper pulleys 
respectively. 

The Weston 
block is a modi- 
fication of the 
different! al 
wheel and axle, 
the difference 
being that in 
the latter device 
the ends of the 
chain or rope 
are fixed to the 
large and small 
axles respec- 
tively, the power 
being applied by 


rotation of the axles about their common 


axis. 

§ (3) The Screw. — If a strip of rectangular 
section be wrapped round a cylinder in such 
a manner that its inclination to a transverse 
axis is always the same, the curve assumed 
by the initially straight strip is known as a 
helix. The projection formed by the strip is 
commonly called the “ thread ” ; this may be 


continued round the cylinder any number of 
times in succession. 

The “ pitch ” ^ of a screw is the distance, 
measured parallel to the axis of the cylinder, 
between similar points of two successive turns. 
If the screw consists of one continuous 
thread, it is said to he “ single threaded.” 
The pitch may, however, be divided into a 
number of equal parts, and additional threads 
may be introduced side by side with the 
original one, thus producing a screw of 
“ multiple pitch.” 

In practice, the thread form is varied to 
suit the nature of the work for which it is to 
be used- Thus, there are threads of rectan- 
gular, semicircular, and triangular section, 
each designed for a particular purpose. 

If, instead of imagining the strip to be 
wrapped on the outside of a cylindrical bar, 
we think of it as lying on the inside of a 
hollow cylinder, and imagine the thread form 
cut in this, we have a hoUow screw. This is 
commonly known as a nut, and can be made 
to fit exactly on to a bar or bolt having a 
corresponding thread. If the nut is rotated 
and the screw held, it will move axially along 
the screw, or, again, if the nut 
be rotated, but prevented from 
axial motion while the screw is 
free to move axiaUy but is 
prevented from turning, axial 
motion of the screw will take 
place and the combination of 
nut and screw can he used as a 
mechanical power. 

If the force causing the 
motion of the rotating element Fig. 5. 
acts at a radius R, then the 
velocity ratio of the combination will be 
27rR,/p, where p is the pitch of the thread or 
its advance per revolution. 

The thread may be wound in a left or 
right-handed direction, and is named accord- 
ing to the direction in which it requires to 
be rotated to cause it to advance through 
its nut. 

Theoretically the velocity ratio may be 
increased indefinitely by sufficiently decreasing 
the pitch, but in practice this is not possible 
because of the resulting reduction in the 
thread strength. 

The ratio may, however, be greatly increased 
by means of the adoption of the differential 
screw, illustrated in Fig. 5. This consists of 
two screws, the one being formed hollow and 
acting as a nut for the other. The smaller 
screw is prevented from rotating. Considera- 
tion will show that the resultant vertical 
displacement of the weight for one revolution 
of the large screw is equal to the difference 

^ The term “ pitch ” is sometimes erroneously 
used to denote the number of coils per unit length 
of the cylinder. 
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in pitch, of the two screws, and this may be 
made very small 

The velocity ratio is thus -lirRiip- p^), 
where p and pj^ are the pitches of the two 
screws respectively. 

§ (4) WoEM-GEAE, — The term *’ worm-gear- 
ing ” is now almost universally applied to 
that form of mechanism in which a screw 
gears with a wheel, the axes of the two 
elements being at right angles to each other. 
Before the recent improvements in this form 
of gearing for power transmission were made 
the term was often used to include screw, 
helical, and skew gears. 

The two elements, the worm and the 
worm wheel, are combined in practice in 
three different forms. That most commonly 
adopted is the parallel worm type, in which 
the worm is a truly parallel screw, the wheel 
being hollowed out to fit the worm. 

A second form is known as the “ hollow ” 
or Bindley type, in which both worm and 
wheel have hollow faces, and in a third form 
the wheel is a true screw with the worm 
hollow faced to gear with it. 

Of the two latter forms the former only has 
been developed to any great extent. 

The gear is used to transmit power from 
one axis — ^that of the worm — to a second — 
that of the wheel — at right angles ; the worm 
drives the wheel, and, as it rotates, that tooth 
of the wheel which, at the moment, is in gear, 
is made to move parallel to the axis of the 
worm, just as a nut, when incapable of rotation, 
moves axiaUy along a screw when the latter 
is turned. As this tooth jiasses out of gear, 
the next becomes enmeshed with the succeed- 
ing turn of the work, and so the motion is 
continuously transmitted. 

In the parallel type it is usual to design 
the teeth of the worm and wheel to secure 
contact in a plane through the axis of the 
former and at right angles to the axis of the 
latter ; the section of the wheel by this plane 
is made similar to that of a spur gear, having 
the same diameter and pitch of teeth, and the 
section of the worm that of a rack to gear 
with the spur wheeL For power transmission 
at high loads and speeds, however, it is 
necessary to obtain satisfactory contact 
between the teeth of the two elements at all 
sections parallel to the central plane, and this 
is accomplished by using a worm-thread form 
of special section. The relative motion of 
the two members at all points of contact 
should be perpendicular to their common 
surface at both points. 

With the Bindley type of gear the teeth 
may be of any convenient form, as considera- 
tion of the accompanying diagrams of the 
central sections of the gears will show. 

It win be seen in the second case that the 
thread form has not only rotational motion 


about its oTiTi axis but also about the axw 
of the wheel. The teeth of bfjth elements 
follow geometrically the same jjath and a 
rolling form of tooth section d»>es not there- 
fore need to be considered in this g:ear- It 
is essential, however, that the tooth form 
chosen sh^^tuld render a fair ien;^h of worm pos- 
sible without producing intt^rference T>etween 
the teeth of the two ek^ments. 

In practice the diameter of the worm at 
the ends does not exceed abmt 7 per cent 
the diameter at the throat. 

The parallel and hollt.av-worm t\'pes have 
of late years received '^r^nsiderable attention, 
and gears of bf»th tyi/c-s have been produced 
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for the transmission of power with an efiiciency 
of 97 per cent. 

The design of a worm-gear depends in a 
great measure on the work for which it ia 
intended. Thus, for a gear to transmit motion 
where efficiency of transmission is not im- 
portant,- the gear ratio is only limited by the 
size of the thread section and by the angle of 
firiction between the gear teeth. 

If it is desired that the wheel shall not 
drive the worm — that is, that the gear shall 
not be reverable — the angle of the tooth with 
the axis must be less than the angle of frictiffU. 
If efficiency is unimportant, the angle may be 
as small as desired, but if efficiency is a 
governing factor it should be made as near 
to the friction angle as possible. In the 
latter case the maximum limit of efficiency 
is 50 per cent. 

For power transmission, where high efiiciency 
is desired, the worm will be reversible and the 
worm angle must be made about 40°. 

The efficiency is given by the equation 

_ tan $ 

(f? -h/uf 

where 6 is the worm angle and p. the friction 
angle. j. H. H. 

ilELTII^G-POESTS OF InOEGA^vEC COMPOUimS 
! studied as fixed temperatures for secondary 
' standards of temperature and compared 

with gas thermometers in the range 500° 
! to 1600° C. See “ Temperature, Realisation 
! of Absolute Seale of,” § (90) (iiL). 
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iMELTmG-POLN'TS OF !MetALS : 

As determined by Day, Sosman, and Allen, 
tabulated- See ’* Temperature, Realisa- 
tion of Absolute Scale of,” § (40), 
Table 11. 

Studied as bsed temperatures for second- 
ary standards of temperature and com- 
pared with, gas thermometers in the 
range 500° to 1600° C. See ibid. § (40) (L). 
iMELTENG-POmTS OF ReFEACTORY ElEMEOTS 
A^n) COMPOXJXDS, determined by optical 
pyrometer- See “ Pyrometry, Optical,” 

Mercury : 

Absolute Expansion of, determined by 
CaUendar. See “ Thermal Expansion,” 

§ (11) (ii-)- 

Absolute Expansion of, determined by 
Regnault. See ibid. § (11) (L). 

Coefficient of Absolute Expansion of, tabu- 
lated from calculations by various 
methods. See ibid. § (11) (ii). 

Influence of Pressure on Thermal Expansion 
of, tabulated results of P. W. Bridgman. 
See ibid. § (13). 

Specific Heat of, determined by Callendar, 
Bames, and Cooke by the electrical 
method See “ Calorimetry, Electrical 
Methods of,” § (3). 

Specific Heat of, at Different Temperatmes, 
tabulated See ibid. § (4), Table I. 
;Metajls : 

Atomic Heat of, at Low Temperatures, 
Nemst’s values for, tabulated. See 
‘‘ Calorimetry, Electrical Methods of,” 
§ (11), Table" VI. 

Methods of measuring Thermal Conductivity 
of. Bar Methods — Electrical Methods — 
Indirect Methods — ^Periodic Flow Methods. 
See “ Heat, Conduction of,” § (5). 

Molten, Emissivity of, observed approxi- 
mately by Burgess with a Fery radiation 
pyrometer. See “ Pyrometry, Total 
Radiation,” § (18) (iv.). 

Specific Heats of, G-aede’s determination 
of, by tbe electrical method, tabulated 
results. See “ Calorimetry, Electrical 
Methods of,” § (9), Table IV. 

Specific Heats of, studied by Professor E. H. 
•Griffiths, F.R.S., and Ezer Griffiths over 
the range - 160° to 100° C., by the 
electrical method. See ibid. § (10). 

Values of Thermal Conductivity of. See 
“ Heat, Conduction of,” Table m 
Metals which cax be melted rx Air : 
Tin, Zinc, and Gold, determination of 
melting-point of. See Thermocouples,” 
§ (22) (iii.). 

Metals which require a Heuteal Atmo- 
sphere WHEX THEY ARB MELTED : Hickel 
and Cohalt, determination of melting-point 
of. See “ Thermocouples,” § (22) (ii.). 


Metals which require a Reducing Atmo- 
sphere WHEN they are MELTED : Anti- 
mony, Aluminium, Silver, and Copper, 
determination of melting-point of. See 
“ Thermocouples,” § (22) (L). 

Meters. For the article on “ Meters ” see 
Voi. m. 

Micromanometers. See “ Pressure, Measure- 
ment of,” § (20). 

Micrometer Water Gauge. See “ Pressure, 
Measurement of,” § (26). 

IVIicropyrometer : an instrument of the dis- 
appearing filament optical pyrometer type, 
devised by Burgess for the determination 
of the melting-points of minute specimens 
of materials. See “ Pyrometry, Optical,” 
§ (4). 

JVIiLLS, J. E., formulation of the expression 
giving the value of L^, the latent heat of 
vaporisation of a substance, in terms of 
El, the heat e<iuivalent of the external 
work done, Sl and Sv, the densities of Kquid 
and saturated vapour respectively. 

Li-Ei 

= constant. 

See “ Latent Heat,” § (11) (ii). 

Mitchell’s Theory” of the Resistance of 
Flat Inclined Surfaces separated by a 
Film of Fluid. See “ Friction,” § (27). 
Mixtures, IVIethod of : the best known of 
calorimetric methods. See “ Calorimetry, 
Method of ^Mixtures,” § (2). 

Model Experevients and their Full-scale 
Equivalents. See Dynamical Similarity, 
Principles of,” § (38). 

Model and Full-scale, Condition for 
Continued Similarity in Worhing of. 
See “ Dynamical Similarity, The Principles 
of,” § (39). 

Modulus of Direct Elasticity (Young’s 
Modulus) : 

Method of Determination. See “ Elastic 
Constants, Determination of,” § (64). 
Tabulated Values. See ibid. § (65). 
Modulus of Elasticity. The ratio of a 
stress applied to a body to the strain it 
produces. See “ Elastic Constants, Deter- 
mination of,” § (63). 

Modulus of Transverse Elasticity (Modu- 
lus of Rigidity) : 

Method of Determination. See “ Elastic 
Constants, Determination of,” § (66). 
Tabulated Values. See ibid. § (65), Table 22. 
Molecular Pump (Gaedb). See “ Air-pumps,” 
§ (39). 

Moleoular Theory of Matter. See “ Ther- 
modynamics,” § (66). 

Molecules, Finite Size and Cohesion of, 

AS AFFECTING PERFECT GaS EQUATION. 
See “ Thermodynamics,” § (66). 
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Molliee’s Chart of Entropy and Total 
Heat. See “ Thermodvaaniics,” § (42). 
For Steam. See “Steam Engine, Theorv* 
of,” § (9). 

For Substances used in Refrigerating 
Machines and the Ese of Oblique Co- 
ordinates. See ‘‘Refrigeration,” S (3j 
Figs. 8 and 9. 

Molybdenum, a possible substance for u^ as 
an outer protecting sheath for a thermo- 
element, at high temperatures. See 
“ Thermocouples,” § (5) (t.}. 


Momejtt of Inertia of a Body about a Line. 
The sum of the products of the mass of each 
particle of the body into the square of its 
perpendicular distance from the line, 

Monatomic Gas, Eneeoy op. See “ Thermo- 
dynamics,” § joS). 

Multiple Expansion Steam Engines. See 
Steam Engine, Theory of,” § G0|. . 

Multiple Screws for ’ Ships. See “ Ship 
Resistance and Propulsion,” § (49). 


N 


Naphthalene and Benzophenone, deter- 
mination of boiling - points of. See 
“ Temperature, Realisation of Absolute 
Scale of,” § (36). 

National Gas - engine. See Engines, 
Internal Combustion.” 

100 H.P. Horizontal Type. § (5). 

300 H.P. Vertical Type. § (6). 

N.P.L. Gear Efficiency Experiments. See 
“ Friction,” § (29). 

Natterer and Cailletet, experimental re- 
searches on the expansion of fluids under 
high pressures. See “ Thermal Expansion,” 

§ ( 18 ) (i.). 

Nernst and Lindemann, formula for specific 
heat, tested in the case of the metals 
Al, Ag, Pb, and Cu by comparison with 
values given by the thermodynamical 
equation, in tabular form. See “ Calori- 
metry, the Quantum Theory,” § (46), 
Table m. 

Nevillb and Heycoch, work on resistance 
thermometer using a thermocouple. See 
“ Thermocouples,” § (22) (iii). 

Newcomen’s Engine. “Steam Engine, 
Reciprocating,” § (10). i 

Newton’s Third Law of Motion, Meaning | 
OF Action and Reaction. “ Heat, ! 

Mechanical Equivalent of,” | (1). * ; 

Nichrome Tubes, Cast, used to some extent | 
as outer protecting tubes for thermo- 1 
elem^ts. See “ Thermocouples,” § (5) (iv.). ! 


Nickel Carbon Eftectic (1330" C'.), used as 
standardising j>omt for thermocouples. See 
“Thermocouples," § (22) (iiL). 

Nickel Oxide Surface, Emissivity of, 
measured by Burgess and Forte with a 
Fery radiation pyrometer. See “ Pyro- 
metiy. Total R.adiation,” § GS) (i.). 
Nitrogen ; 

Separation from Air of. See “ Gases, 
Liquefaction of,” § ^2j. 

Specific Heats of, tabulated values obtainend 
by Scheel and Heuse. See “ CalurimetTv, 
^Electrical Methods of,” § (15), Table IX. 
Used as Thermometric Substance. See 
“ Thermodynamics,” § (4). 

Nitrous Oxide, Latent Heat of Vaporisa- 
tion OF, determined by Mathias, See 
“ Latent Heat,” § (8). 

Nozzus, De Laval’s Convergent-diver- 
gent. See “ Thermodynamics,” § (44). 
Nozzles : 

Design of. See “ Steam Engine, Theory 
of,” § (12). 

Quantity of Steam passing. See “ Steam 
Turbine, Physics of,’' §| (2), (3). 

Nuclei, Condensation on ; experiments of 
Aitken and C. T. R. Wilson. “ Thermo- 
dynamics,” § (54). 

Number of Molecules in a given Volume 
OF Gas. By Avogadro’s law this is the same 
for all gases ; the number in a gramme 
molecule or Mol is 4-5 x 10^. 


O 


Oechelhauser Two-stroke Engine. See 
“ Engines, Internal Combustion,” § (11). 

Oil-engines. See “ Engines, Internal Com- 
bustion,” § (13) et seq. 

Oils, Specific Heat of, determined by the 
electrical method. See “ Calorimetry, Elec- 
trical Methods of,” § (6). 

Onnes, Kamerungh : investigation of the 
expansion of hydrogen at low tempera- 
tures. See “ Thermal Expansion,'* § (18) 
(v.). 


! Optical Indicators for High-speed Steam 

I Engines. See “ Pressure, Measurement of,” 

Osmotic Pressure. The excess pressure 
which must be applied to a solution in order 
to make its vapour pressure equal to that of 
the pure solvent. S^ “ Thermodynamics,” 

I §( 63 ). 

I Otto Cycle used in Gas-engines. See 
“ Engines, Thermodynamics of Internal 
I Combustion,” §§ (34) and (51). 
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Outlets from Reservoirs. See "‘HydrauKcs,” j Oxygen, Specific Heats of, tabulated values 
§ (20). j obtained by Scheel and Heuse. See “ Calori- 

OuTWARD-FLOW TuRBiNES (HydeaTjlic). See 1 metry, Electrical Methods of,” § (15), Table 

- Hydraulics,” § (48) (L). j IX. 


Paddle-wheels. See “ Ship Resistance and j 
Propulsion,” § (53). | 

Parsons’ Design Coefficient K. A co- I 
efficient of importance in the theory of the j 
steam turbine. See “ Turbine, Develop- 
ment of the Steam,” § (12); “Steam 
Turbine, Physics of,” § (7). 

Peltier Effect, Definition and Thermo- 
dynamic Theory of. See “ Thermo- 
dynamics,” § (65). 

Pelton Wheel. See “ Hydraulics,” § (47) 
(iv.). 

Periodic Heat Flow : 

Into Infinite Solid. See “ Heat, Conduction 
of,” -§ (12) (i.). 

Along Rod. See ibid. § (5) (v.). 

Petavel’s Optical Indicator. See “ Pres- 
sure, Measurement of,” § (19). 

PETROL EXGIXE, THE WATER-COOLED 

§ (1) Intboductoey. — ^The petrol engine has 
now (1921) reached such a state of develop- 
ment that its performance approaches very 
closely to that possible with the Otto cycle, 
using i>etrol as fuel 

At the present time brake mean pressures 
of the order of 130 lbs. per sq. in. are not 
uncommon. i 

In cases where high speeds can be employed, j 
outputs of 38 brake horse-power per litre of 
piston displacement have been attained. 

As regards thermal efficiency, a nnmher of 
engines have realised indicate thermal effi- 
ciencies, relative to the air standard efficiency 
for the compression ratio employed, of 67 
per cent. 

By careful attention to the reduction of 
mechanical losses, particularly as regards 
piston friction, the mechanical efficiency of 
modem engines has been raised to the 
neighbourhood of 90 per cent even in engines 
running at moderately high speeds. 

In considering the output of an engine in 
terms of brake horse-power per litre the curve 
shown in Fig. 1 may be useful as giving the 
brake mean pressure required to produce one 
brake horse-power per litre at various speeds 
from 1000 to 5000 revolutions per minute. 

For example, at 4000 r.p.m. an engine 
giving 36 b.b.p. per litre would require to 
develop a b.m.e.p. of 3*25x36 = 117 lbs. per 
sq. in. 

On examining the conditions governing the 
power performance of petrol engines it is 


obvious that for a given speed of rotation 
the chief factors are : 

1. Indicated thermal efficiency. 

2. 'Volumetric efficiency. 

3. Mechanical efficiency. 

In other words, the brake output of the 
engine depends on burning the charge to the 
best possible advantage ; burning the greatest 
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possible weight of charge por stroke; and 
lastly, wasting as bbtle indicated power as 
j possible in moving the parts of the engine 
I and in carrying out the various functions 
I inherent in the cycle of operations. 

§ (2) Indicated Thermal Efficiency. — 
With regard to the first item, Tizard and 
Pye ^ have shown that, taking into account 
dissociation and change in specific beat, the 
limiting indicated efficiencies possible with the 
Otto cycle, using a hydrocarbon fuel such as 
petrol, and assuming no heat loss to the 
cyfinder walls during combustion and expan- 
sion, are as given in column 3 of Table I. 

This table ^ shows, in column 1, the various 
compression - expansion ratios considered ; 
column 2, the air cycle efficiency for each of 

^ See Automobile Engineer, February, March, and 
April 1921. 

® See “ Some Possible Lines of Development in 
Aircraft Engines,’" by H. E,. Ricardo. The Royal 
Aeronautical Society, 1921. 
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the ratios in column 1 ; column 3, Hzard 
and Pye’s ideal indicated efficiencies, taking 
account of losses due to dissociation and change 
in specific heat but taldng no account of losses 
due to direct passage of heat to the cylinder 
walls ; column 4, the highest attainable in- 
dicated thermal efficiencies, assuming *■' that 
the combustion chamber is designed to allow 
of the minimum possible heat loss, that the 
cylinder is of comparatively large capacity, 
and that the revolutions are not less than 
1500 r.p.m.” Column 5 gives the actual 
indicated thermal efficiencies obtained in a 
special variable compression engine designed 
by Ricardo, a description of which will be 
found in Engineering, September 3, 1920. 

It will be observed that the difference be- 
tween columns 4 and 5, indicating the margin 
remaining for improvement, is very small. 

The values for efficiency shown in Table L, 
both those which have been calculated and 
those which were observed, are for a homo- 
geneous mixture of air and hydrocarbon 
vapour. 


Either by employing a stratified charge ^ 
or by the burning of certain fuels, giving 
by either means a lower mean temperature 
to the “ cycle,” a higher efficiency can, both 
theoretically and experimentally, he obtained. 

The theoretical indicated thermal efficiency 
of the Otto cycle is given by the formula 
E = 1 - (1/rP” ^5 where r is the compression- 
expansion ratio. 

It is evident that the larger the number of 
expansions the greater will be the theoretical 
thermal efficiency, and followfing on this 
consideration every opportunity is taken in 
practice to raise the expansion ratio, and 
therefore necessarily the compression ratio, 
to the maximum value which the fuel will 
hear -without detonation. 

The fuels which can be employed in a 
petrol engine (including members of the 
paraffin group, the aromatics, and the alcohol 
group) vary very considerably in their resist- 
^ Sec AiUomobile Engineer, June 1921. 


ance to detonation. Some data relative to 
this characteristic are given later. ^ 

For any* given fuel, however, there is a 
number of factors which control the maximum 
compression ratio which can be usefully em- 
ployed. The most important of these factors 
is the form of the combustion space. To 
have the minimum tendency to detonation the 
combustion space must be compact, of good 
depth with respect to its diameter, symmetrical 
and free from shallow pockets or any cavities 
in which portions of the charge can become 
more or less isolated. 

The location of the igniter is also of consider- 
able importance. It has been sbo-wn ^ that 
when the igniter is situated on the opposite 
side of the combustion space to the exhaust 
valve, so that the portion of the charge in the 
vicinity of this valve is the last to bum, 
the tendency to detonate is increased, and the 
limiting useful compression ratio is conse- 
quently reduced. 

Given a combustion space ha-viug the 
attributes set out above, it was found that the 
highest compression ratio giving 
freedom from detonation for any 
particular fuel w^as reached by 
employing two sparking plugs 
located on opposite sides of the 
combustion space. 

If a combustion space is of 
such form that a portion of the 
charge can become in some 
degree isolated from the main 
portion, it is found that the 
tendency to detonation is greater 
than with a compact space. A 
reasonable theory appears to be 
that, since the isolated portion 
does not become ignited until 
late in the process of combus- 
tion, there is a tendency for it to be raised 
to a high pressure and temperature before 
inflammation owing to its compression by the 
general rise of pressure in the cylinder ; 
consequently, when the flame finally reaches 
this unignited gas, the conditions are favour- 
able for its detonation. 

Apart from the increased tendency to detona- 
tion, the existence of cavities or pockets in 
a combustion space involves thermodynamic 
losses, owing to the chilling of the charge 
during inflammation, which may lead to in- 
complete combustion, and in any case must 
cause greater direct heat loss to the walls. 

The next most important item controlling 
the compression ratio is the temperature of 
the charge after compression. 

It has been clearly established that if the 

= Sec Automobile Engineer, “The Influence of 
Various Fuels on the Performance of Internal Com- 
bustion Engines,*’ by H. E. Eicardo, February to 
August 1021. 

* See Engineering, September 3 and 10, 1920. 
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charging temperature is raised the tendency 
to detonate is increased. In. order to run 
with freedom from detonation under such 
conditions, a lower compression ratio must be 
employed than is possible with a lower charging 
temperature using the same fuel. 

As being closely connected 'vvith the charging 
temperature, and to a large extent influencing 
that temperature and therefore the tempera- 
ture reached after compression, it must be 
remembered that the charge from the time it 
enters the cylinder until probably well into 
the compression stroke is absorbing heat 
from the cylinder walls, piston, and valve 
heads. 

In this connection the use of aluminium 
alloys for pistons has had a moat important 
influence in enabling higher compression ratios 
to be employed, owing to the better heat dis- 
sipation from the centre of the piston crown 
due to the higher conductivity of alunoinium 
as compared with cast iron and steel. 

With regard to valve-head temperatures, it 
is often desirable to employ multiple exhaust 
valves in order to limit the size of the valve 
and thus ensure better cooling of the head. 

An important factor in reducing the tend- 
ency to detonation is the provision and 
maintenance of an adequate degree of turbu- 
lence of the charge. Where a sufficient degree 
of turbulence is preserved there is less 
opportunity for any portion of the charge to 
remain in contact with highly heated surfaces, 
such as the head of an exhaust valve, for 
sufficient time to be raised to the critical 
temperature at which it vill tend to detonate. 

ApsLTt from this point of view, it is of the 
utmost importance that a high degree of 
turbulence should exist in the combustion 
space at the moment of ignition, for the purpose 
of ensuring sufficiently rapid spread of in- 
flammation to enable the combustion to be 
completed in the limited time available in 
high-speed engines. 

If it were not for the existence of turbulence 
it would be impossible to run engines at the 
high speeds now common. The time of pres- 
sure rise in a stagnant mixture is many times 
that available for the entire cycle in a petrol 
engine of even moderate speed. 

Turbulence has a further valuable effect in 
that it tends to ensure uniformity of mixture 
strength throughout the charge by breaking 
down zones of rich and weak mixture. 

It is obvious that a cqmbustion space which 
has the attributes already mentioned will be 
favourable to the maintenance of the initial 
turbulence arising from the entry of the charge 
at high velocity past the inlet valve. 

§ (3) Volumetric Efeiciency. — With re- 
gard to volumetric efficiency, it is important 
to bear in mind that it is the weight and not 
merely the volume of the fresh charge which 


controls the power output from a cyHndei 
of given swept volume. 

This being the case, it is obvious that two 
conditions must be fulfilled to obtain a high 
volumetric efficiency. In the first place, every 
endeavour must be made to enable the cylinder 
to flu up as nearly as possible to atmospheric 
pressure, and secondly, the temperature of the 
charge must be kept as low as possible. 

In order to fulfil the first condition it is 
essential that the resistance offered to the 
inflow of the charge shall be kept low by the 
use of moderate gas velocities, proper stream- 
lining of the ports and inlet valve head, and 
the use of a valve-opening diagram in relation 
to piston velocity which shall give the greatest 
possible area for flow at the latter end of 
the charging period with a sharp cut off at 
closing. 

The most difficult part of the first condition 
to fulfil in practice is the provision of a large 
inlet area at the end of the charging period, 
with a rapid cut off, and this difficulty is very 
greatly accentuated in engines intended to run 
at high speeds. A method of achieving this 
result without having resource to abnormal 
accelerations in the valve operation is the 
method of masking the first and last portions 
of the inlet valve travel devised by Ricardo. 
In employing this device the head of the valve 
is arranged to act as a piston valve when 
near its seat, thus giving sharply defined open- 
ing and closing points and allowing ample 
time to seat the valve in a comiiarativoly 
leisurely manner. 

With regard to the second condition, it has 
been found ^ that tho power out])ut steadily 
falls with addition of heat to the incoming 
charge at the rate of approximately 1 per cent 
for every 3° C. rise in inlet temperature. It 
is clearly desirable, therefore, to limit tho 
preheating of tho charge to the minimum 
which will ensure satisfactory distribution. 
The term distribution is hero used in tho sense 
of uniformity of mixture strength of tho 
charges supplied to tho cylinders of a group 
fed from a common carburettor. 

In connection with the subject of j)roheating 
tho charge before its entry into tho cylinder, 
it must be remembered that petrol and tho 
other inflammable volatile fluids have consider- 
able latent heats of vaporisation. Comj)loto 
evaporation of tho petrol, in a mixture of 
such proportions as will give just complete 
combustion, lowers the tom}ioraturo of tho 
mixture by about 18° 0. It follows, therefore, 
that if suitable arrangements are made to do 
so, it is possible to improve appreciably the 
volumetric efficiency by making use of the 
latent heat effect to cool tho incoming charge, 
and thus to increase tho weight of charge 
taken into the cylinder. 

^ Sco Engineering, Septenffier 3, 1020. 
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Bearing the above fact in mind, it is clearly 
desirable from the point of view of power to 
restrict preheating as much as possible, and 
to endeavour to make use of the latent heat 
of the fuel to offset the unavoidable rise in 
temperature undergone by the charge after 
its entry into the cylinder and before mixing 
with the residual exhaust. This rise of 
temperature due to absorption of heat from 
the piston, valves, and walls alone is estimated 
by Ricardo to amount to about 50° C. 

In taldng advantage of the latent heat of 
the fuel to increase the volumetric efficiency, 
it must be remembered that any evaporation 
which takes place after the inlet valve has 
closed has no effect on the volumetric 
efficiency. 

The use of a fuel having a high latent heat 
in conjunction with the minimum of pre- 
heating which will give good distribution and 
ensure efficient combustion, has the additional 
advantage of lowering the mean and maximum 
temperatures of the cycle, with a consequent 
reduction in the losses due to change of specific 
heat, dissociation, and direct heat loss. It 
has the effect also of reducing the duty thrown 
on the cooling arrangements, which is an 
important advantage in the case of air-cooled 
engines. 

§ (4) Mechanical EFnciENOY. — With re- 
gard to the remaining factor controlling the 
brake pow'er output from a given engine 
capacity, namely, mechanical efficiency, it is 
clear that largo rubbing areas, heavy inertia 
pressures, and high pumping resistances are 
the chief causes of negative work in a petrol 
engine. 

The greatest loss, amounting to some 50 
l)er cent to 60 per cent of the total mechanical 
losses, almost invariably arises from the 
piston, and is chiefly caused by the shearing 
of large areas of partially decomposed oil 
film while under pressure. In order to hmit 
the lateral thrust of the piston at high speeds 
it is clearly necessary to reduce as much as 
possible the reciprocating mass formed by the 
piston and small end of the connecting rod. 
The use of aluminium alloy pistons has enabled 
designers to fulfil the requirement of providing 
adequate heat conduction from the centre of 
the piston crown with’ a moderate piston 
weight. 

A large source of friction in many piston 
designs is the use of heavy piston ring pressures. 
There appears to be no advantage in exceeding 
from seven to eight pounds per square inch 
pressure between the ring face and cylinder 
wall, and these relatively light rings give 
entirely satisfactory results provided the rings 
are adequately shielded from the maximum 
explosion pressure by the provision of a deep 
top land. 

If the top land is of insufficient depth, or. 


being of adequate depth, there is excessive 
clearance between it and the cylinder wall, 
it is found that light piston rings vill allow 
the gases occasionally to blow past. The 
explanation appears to be that piston rings 
depend for their gas tightness to a large 
extent on gas pressure behind the ring forcing 
the rubbing face of the ring into intimate 
contact with the cylinder bore. In the case 
of an insufficiently shielded ring the rapidly 
applied high pressure which occurs on ignition 
forces the ring hard against the lower face of 
the ring groove before the gases have had time 
to act on the back of the ring. In this condi- 
tion the ring is clamped against the lower face 
of its groove and only exerts its inherent 
spring pressure against the cylinder wall, 
which pressure is insufficient to prevent the 
gases from blowing past the rubbing face of 
the ring. 

Next to the piston loss in importance 
comes the loss due to filling the cylinder with 
fresh mixture and exhausting the products 
of combustion. Owing to the fact that the 
exhaust is released at a substantial pressure, 
the work thrown on the piston in clearing 
the cylinder is usually small as compared 
with the work expended by the moving 
system in starting the fresh charge into 
motion and drawing it into the cylinder. 

In a well - designed cylinder having ports 
properly stream-lined and an inlet gas velocity 
of from 120 to 130 feet per sec., the pumping 
loss should not exceed from 3 to 3*5 lbs. 
per square inch pressure on the piston. The 
pumping losses rise rapidly with increase of 
gas velocity, and at 200 feet per sec. amount to 
about 7*5 lbs. per square inch. 

The remaining mechanical losses include 
hearings, camshafts, and auxUiaries, such as 
magnetos, oil and water pumps, and, in the 
case of automobile engines, the radiator fan. 

The bearing losses increase slowiy with 
speed, the rate of increase being influenced by 
the loadings thrown on the bearings by the 
inertia and centrifugal forces and by the 
increase in oil-shearing resistance with speed. 

The losses due to the water and oil pumps 
can with unsuitable design rise to a high 
figure at high speeds, but with good design the 
losses due to bearings, camshafts, and auxili- 
aries together am6unt to between 1*75 and 
2*5 lbs. per square inch on the piston at speeds 
of the order of 1500 r.p.m., the former figure 
applying to a large engine with light reciprocat- 
ing parts and the latter figure to one with 
relatively heavy parts. 

In aero engines having propeller reduction 
gearing, a further loss occurs in this gearing. 
In a good example of epicyclic gear the loss 
amounts to from 1-5 per cent to 2-0 per cent. 

§ (5) Fuels. — With regard to the subject of 
fuels and .their behaviour in petrol engines, 
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the reader may refer to the publicatioiis given 
in the footnote helow.^ 

For the purpose of classifying them with 
respect to their relative resistance to detona- 
tion Ricardo has compared a large number of 
fuels using toluene and an aromatic - free 
petrol as the basis of comparison. Taking the 
effect of toluene as represented by 100, and 
that of aromatic-free petrol as being zero, 
the following table gives the values for the 
fuels mentioned : 


Toluene Vj^lues 


Toluene .... +100 

Benzene .... +60 

Xylene .... +83 

B thy 1-alcohol, 99 per 
cent .... +100 


Acetone . . . . + T5 
Cyclohexane . . -f 30 
Carbon bisulphide . + 10 

IVIethyl mercaptan +5 to 10 
Ether - 60 


§ (6) Water-cooled Engines, (i.) The, 
Rolls-Royce Eagle . — The following descriptions 
and illustrations will give some idea of the 
trend of modern practice in water-cooled petrol 
engine design and of the performances obtained 
from the engines described. 

The first description is that of the Rolls- 
Royce “ Eagle ” aero engine, which has been 
largely used by the British air service. 

The “ Eagle ” engine has been built in 
eight series, and the present description 
deals with the Series Eight model. All the 
series embody the same main features, the 
differences between the different series lying 
chiefly in such details as compression ratio, 
number and size of carburettors, arrangement 
of induction system, number of magnetos, 
and ratio of propeller reduction gearing. 

This engine has twelve cylinders of 4*5 in. 
bore and 6*5 in. stroke arranged in two banks 
of six at an angle of 60°. 

The cylinders are all independent of one 
another and are of the built-up type, having a 
barrel and head machined from a steel forging, 
to which a pressed-steel jacket is welded. 

Upon the head of the cylinder body sockets 
are formed into which hoods are welded to 
form the inlet and exhaust passages and to 
carry the valve guides. One inlet and one 
exhaust valve is provided per cylinder. 

Projections formed upon the hood serve to 
carry studs by which the overhead camshaft is 
attached to the cylinders. 

Steel flanges carrying four studs are screwed 
on to the ends of the hoods and serve for the 
attachment of the inlet and exhaust manifolds. 

The two sparking plug bosses are screwed 
and welded into the cylinder crown, and are 
located one on the rear side of the inlet valve 
and the other on the forward side of the 
exhaust valve. 

The water-jacket is in two parts welded 
together by a longitudinal seam and attached 


^ See Proceedings of the Boyal Aeronautical Society, 
1921, and Automobile Engineer, February, March, 
April, May, June, July and August 1921. 


bj" Avelding to the cylinder body by a flange 
at the lower end of the barrel and projections 
on the ends of the valve hoods. 

A water-inlet pipe is welded to the outer 
side of the jacket at its lowest point and an 
outlet pipe at the upper end of the inner side 
of the jacket. 

The cylinders are spigoted into the crankcase 
and are provided at their lower end with four 
deep bosses which are tied together, top and 
bottom, by square flanges all milled out of the 
solid. The cylinder holding down studs pass 
through these flanges and bosses, thus provid- 
ing a light construction and taking the strains 
due to gas pressures from the cylinder at two 
points on the barrel. 

Both the valves are of the “ tuhp ” type 
and work in long phosphor bronze guides, 
tapered externally where they fit into the 
valve hoods. 

Shoulders are provided on the guides to 
support the stationary spring collars which 
take a long bearing on the outside of the 
guide. The ends of the valve stems are pro- 
vided \vith hardened steel plugs on which the 
valve rockers bear, and are provided with a 
screw thread by which the upper spring collar 
and locking nut are secured to the stem. A 
cotter pin passes through the nut, stem, and 
hardened plug. 

Two springs of opposite hand are provided 
for each valve. 

The pistons are of aluminium alloy of the 
“Zephyr” type and carry four pegged gas 
rings upon the upper skirt and one unpegged 
scraper ring upon the lower skirt. 

The gudgeon pin' is hollow and is supported 
directly in the aluminium piston bosses, in 
which it is located endways by a flange at 
one end and a bar carried by a stud at the 
other end. One end of this bar engages a 
recess in the piston and prevents the gudgeon 
pin from turning. 

•The connecting rods are of H section, the 
small ends of both rods and the anchor pin 
end of the articulated rod being bushed with 
phosphor bronze. 

The articulated rod is anchored by lugs to 
the leading side of the master rod big end. 

The big end is lined with white metal cast 
directly into the rod, in which three dovetailed 
grooves are provided to retain the metal. 
The big end caps are stepped into the main 
rod and are secured by four bolts. Thick 
liners are fitted between the cap and rod to 
facilitate the fitting of the bearing. The 
small end bearings are lubricated by a pipe 
strapped along the shank of the rod and leading 
oil from the big end and anchor pin ends 
respectively. 

The crankshaft is hollow throughout, the 
bores being closed at the ends by means of 
conical plugs held in position by bolts. At 
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the forward end a large flange is provided to surface of the crankcase, thus relieving the 
carry the annular wheel of the propeller aluminium webs of the top half of the case 
reduction gear, and at the rear end a flange from explosion stresses. 

is formed to whieh an extension is bolted. The aluminium alloy crankcase consists of 
This extension carries the skew -gear wheel four main parts as follows: A main poition 
by which the auxiliaries are driven. carrying the cylinders and crankshaft, an oil 

The cranlishaft is supported in seven plain sump, a rear portion containing the gears 



Fig* 3. 


bearings, comprising bronze shells lined with which drive the camshafts and auxiliaries, 
white metal. The shells have no flanges and and a nosepiece which contains the epicyclic 
are prevented from turning by thick bronze reduction gear and the propeller shaft, 
shims, and are located endways by a dowel The main portion is deep and well stiffened 
in the cap and an oil-nipple in the top by transverse webs in which the centre and 
half. intermediate webs are supported. The two 

The main bearings are entirely independent end main bearings are carried in the end walls 
from the lower portion of the crankcase and of the main portion. 

are supported by steel caps held to the top Along the outside of the main portion a 
half by long bolts passing up to the upper longitudinal flange is provided at the crank- 
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shaft level to stiSen the case against horizontal 
forces. 

The engine is supported by four detachable 
bearer feet, each of which is secured to the main 
portion of the crankcase by four bolts which 
are relieved frbm shear stress by horizontal 
tongues engaging grooves in the crankcase. 

Each cylinder is secured to the crankcase 
by four studs, which are provided with midway 
flanges. The studs are screwed into holes 
in the case and are locked by nuts on the inside 
of the case. By this means the studs are 
securely fixed in the case without relying 
entirely on screw threads in aluminium. 

The sump is secured to the main portion by 
numerous studs, closely pitched, in order to 
ensure a good union between the two parts so 
that the sump shall contribute to the stiffening 
of the main portion. The sump is braced by 
two transverse webs. A detachable suction 
filter is provided at the lowest point of the 
sump. 

The rear portion of the crankcase is attached 
partly to the main portion and partly to the 
sump. 

The main drive for the camshafts and 
auxiliaries comprises a skew wheel of sixteen 
teeth, carried by a transverse shaft, from 
the ends of which one pair of magnetos is 
driven. 

The bevels driving the inclined camshaft 
drives have twenty teeth and are mounted 
on the transverse shaft by means of serrations. 
A spur wheel is mounted upon the hub of the 
right-hand bevel and engages an idle wheel, 
wliich in turn drives a spur wheel of the same 
size as the first. This last spur wheel is 
mounted on a second transverse shaft, from 
the ends of which the second pair of magnetos 
is driven. An air-pump for supplying air 
to the petrol tank and the engine tachometer 
are both driven from this second shaft. 

The twenty-tooth bevels engage thirty-tooth 
wheels carried by short hollow shafts mounted 
in beaiings carried by the main portion of the 
crankcaso. 

These short shafts are internally serrated 
at their upper ends and the serrations engage 
serrated sleeves attached to the lower ends 
of the inclined camshaft drive shafts. The 
upper ends of these inclined shafts are inter- 
nally serrated and engage the serrated ends 
of short shafts on the upper ends of which 
twenty -five tooth bevels are mounted. These 
bevels engage fifty- tooth bevels secured to the 
camshafts by cones and keys. 

An unusual feature of these engines is the 
use of a spring drive between the crankshaft 
and the whole of the auxiliaries and camshafts, 
in order to protect these parts from any 
torsional oscillations in the crankshaft. 

The spring drive is incorporated between the 
first skew - gear wheel and the crankshaft 
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extension, upon which the former is rotatably 
mounted. The oscillations of the spring drive 
are damped by means of a multiplate brake. 

The camshafts are supported in three-part 
bronze casings, which are mounted on the 
cylinders by pairs of studs carried by the 
cylinder heads. 

The hollow camshafts with integral cams are 
supported by five plain bronze bearings in the 
camshaft casings, the thrust of the driving 
bevels being taken by ball-thrust bearings. 

The valves are operated by rockers carried 
by the camshaft casing and are provided with 
rollers to engage the cams. 

The valve clearance is adjusted by placing 
shims between the rocker and the head of the 
screw which contacts with the valve stem. 

The valve timing is as follows : Inlet opens 
10° after top centre and closes 54° after bottom 
centre ; exhaust opens 54° before bottom 
centre and closes 10° after top centre. 

Mixture is supplied to the cylinders in groups 
of three by four Rolls-Royce Claudel Hobson 
carburettors placed in pairs at the ends of the 
V formed by the cylinders. The bend of 
the induction pipe connecting the carburettor 
to its manifold is water- jacketed. 

In order to facilitate starting, the manifolds 
are provided with nozzles to enable petrol 
to be sprayed into the induction system by 
means of a hand- pump. 

The carburettors are fitted with Messrs. 
Rolls-Royce’s altitude control, consisting of a 
fluted needle valve situated between the float 
chamber and the jet well. 

The cylinder coohng water is circulated hy a 
centrifugal pump, w^hich is driven at one-and- 
half times engine speed hy a shaft and a skew- 
gear wheel, which engages the skew wheel 
mounted on the crankshaft and operated hy 
the spring drive. 

The engine is lubricated under a pressure of 
from 35 to 45 lbs. per sq uare inch by means of 
a. gear-type pump driven at reduced speed by 
means of an epicyclic gear. 

This gear is driven by a shaft carrying a 
skew-gear wheel meshing with the crankshaft 
gear wheel. 

Above the pressure pump and coaxial with 
it a second gear-type pump, of larger capacity 
than the pressure pump, is provided to 
Scavenge the sump and return the oil to 
the reserve oil tank. 

Two relief valves are provided and connected 
in series, so that a pressure of about 8 lbs. per 
square inch is maintained between the valves. 
This low pressure supply is employed to lubri- 
cate the camshafts, timing gears, and propeller 
reduction gears. 

The propeller reduction gear is of the 
compound epicyclic type, in which an annulus 
gear, mounted on the forward crankshaft 
flange, engages planets carried by the propeller 
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shaft, these planets in turn engaging a 
stationary sun- wheel secured to the nosepiece. 

There are three pairs of planets, each pair 
comprising a wheel engaging the internally 
toothed annulus and a pinion engaging the 
sun. 

In its original form the sun -wheel was 
anchored by means of an Oldham coupling, 
but in order to relieve the gear from any 
abnormal torque variations Messrs. Rolls- 
Royce have recently employed a friction 
anchorage for the sun-wheel, so that this 
member may rotate slightly when the torque 
exceeds a certain value. The friction anchor- 


age is provided by means of a multiplate 
clutch (see power view. Fig, 2). 

A noticeable feature throughout these 
engines is the use of relatively fine serrations 
in place of keys, and as spanner holds in place 
of hexagons and squares. 

The graphs {Fig. 4) give the brake perform- 
ance based on the average of several hundred 
engines of this type. 

The indicated performance has been obtained 
by calculating the mechanical losses, by the 
method employed by Ricardo,^ and adding 
these losses to the brake mean pressure, thus 
.enabling the mechanical efficiency to be 
arrived at. The mechanical efficiency of the 
propeller reduction gear has been taken as 
^ See Automohik Engineer, Rily 1916. 


99 per cent at 1600 r.p.m., 98*5 per cent at 
1800 r.p.m., and 98 per cent at 2000 r.p.m. 

(ii.) The Vauxhall Engine . — The following 
description refers to the 30-98 h.p. Vauxhall 
engine as fitted in the fast touring car chassis 
produced by Vauxhall Motors Ltd., of Luton. 

This engine has been developed to meet the 
requirements of fast travel on the road, and 
although capable of propelling a suitable racing 
chassis at speeds exceeding 100 miles per hour 
on the track it is in no sense a freak design. 

The engine has four cylinders of 98 mm. 
bore and 150 mm. stroke, giving a piston 
displacement of 4*5 litres. 

The cylinders are of 
cast iron and form one 
monoblock casting with 
all the valves on one side 
of the engine. 

The inlet and exhaust 
valves are located in a 
side pocket forming an 
extension of the combus- 
tion chamber, the axes 
of the valve stems being 
inclined to the cylinder 
axis at an angle in order 
to allow sufficient room 
for the valve springs, 
while keei)ing the com- 
bustion chamber as com- 
pact as possible with this 
type of head. 

The valves are both of 

2 in. diameter in the 
throat. The material 
used for the inlet valve is 

3 per cent nickel stool 
case - hardened all over, 
and for the exhaust valve 
14 per cent chromium 
steel. Over each valve 
a bronze cap is pro- 
vided. Valve guides of 
bronze are employed, 
those guides having suit- 
able Boatings formed on them to carry the 
uj)i)er end of the valve s])rings. The lower 
end of the valve spring is hole I by a light 
steel cupped carrier which is attached to the 
valve stem, by moans of a pair of externally 
coned cotters, which engage in a recess turned 
on the valve stem. 

In the crown of each cylinder a bronze 
fitting is provided to carry a sparking plxig 
and to close the opening in the water jacket 
through which the jacket core sand is removed. 
This fitting is screwed into the cylinder crown 
and passes through a large recessed washer 
which rests on a facing on the jacket and 
serves as a gland box to contain packing 
compressed by a gland and nuts carried 
by the fitting. By the use of this con- 




PETROL ENGINE, THE WATER-COOLED 


603 


structiuii a water-tight joint is ensured bosses as well as in the small end of the con- 
^\ithout straining the walls of the cyHnder necting rod. Slipper surfaces of unequal area 
head. are used, the larger surfaces being on the side 

On the side of the cylinder block remote subjected to thrust during the working stroke, 
from the valves a longitudinal passage is Considerable advantages are gained by the 
cast which communicates with two passages use of this type of piston, both as regards 
passing \vithin the winter jacket between mechanical efficiency and oil consumption, 
cylinders 1 and 2, and 3 and 4 respectively The reciprocating mass can be kept very small 



Fig. 5. 


to convoy mixture to the inlet valves on the 
other side of the block. 

The carburettor employed is an aero type 
48 R.A. Zenith and is attached through a 
wator-hoated elbow to a facing on the side 
of the longitudinal passage referred to. An 
external pipe leads hot water from the top of the 
cylinder block to the upper side of the elbow. 

' The pistons used in this engine are Ricardo 
aluminium alloy slipper pistons ^ having two 
rings and the gudgeon pin free to rotate in the 

^ For a full account of this type of piston, together 
with tost results, see Automobile Engineer, March 
1917 and October 1918. 


owing to the elimination of much metal and 
the favourable disposition of that retained. 
The gudgeon pin is well supported close up 
to the sides of the small end of the connecting 
rod, thus removing all danger of bending, 
with consequent local overloading of the 
bearing surfaces. Owing to its short length 
and good support the gudgeon pin can he 
made considerably lighter than in the conven- 
tional trunk type of piston. In addition to 
small mass a further gain as regards mechanical 
losses results from the reduction of oil shearing 
surfaces to the minimum required to deal with 
connecting rod thrust- There appears to be 
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no doubt, as the result of extensive experi- 
ments, that the shearing of oil films between 
piston and cylinder is responsible for a large 
part of the total piston friction loss. It must 
be borne in mind that the oil in question is 
largely contaminated by carbon and gummy 
products resulting from the burning of the 
oil film during the working stroke. 

The connecting rods are H section 3 per 


secondly, the weight of the shell is saved ; and 
thirdly, the bulk, and therefore the weight 
of the big end, is reduced. The saving of 
weight in the big end is of the utmost import- 
ance in a high-speed engine, owing to the very 
serious load imposed on this bearing by 
centrifugal force due to the rotating mass on 
the crankpin. 

At high speeds the centrifugal load is the 



largest component of the 
big-end load, and as it is 
always acting in one direc- 
tion, this bearing at high 
speeds obtains no relief to 
facilitate the ingress of 
lubricant. 

Four bolts are provided 
to hold the big-end cap to 
the rod. 

The crankshaft is sux*)- 
ported in five die cast 
white-metal bearings sup- 
ported directly in the 
crankcase without the use 
of bronze shells. The 
crankpins and main 
journals are hollow, the 
ends of the bores being 
filled by caps driven and 
soldered in position. Holes 
are drilled in the forward 
web of each crank throw 
to enable oil to pass from 
the hollow journals to the 
crankx)ins. 

At the forward end of 
the crankshaft a silent 
chain pinion is keyed, and 
beyond the lunion a sleeve 
carrying claws to engage 
the stariing handle is 
ifinned to the shaft. The 
flywheel is bolted to a 
flange formed on the roar 
end of the crankshaft, and 
immediately behind this 
flange an oil thrower is 
turned upon the shaft. 

As will be seen from 


Fia. 6. 

cent nickel steel stampings machined aU over. 
The small end is bushed with phosphor bronze 
and the big end is Hned with white metal 
cast direct into the rod. This white metal 
is retained by two circumferential dove- 
tailed grooves machined in the rod and cap. 
By casting the w^hite metal into the rod 
throe advantages are gained; in the first 
place, better thermal contact and consequent 
heat dissipation are obtained, owing to the 
absence of the oil film which unavoidably 
forms between a bronze shell and the rod ; 


the sectional drawings, the 
bearing surface i)rovidcd 
for the crankpins and main bearings is generous. 

The caps of the main bearings are su})ported 
independently of the sump by moans of long 
bolts which pass up to the upper face of the 
top half of the crankcase, the heads of those 
bolts being sunk in rocossos to leave a clear 
surface for the cylinder feet. The use of 
through bolts in this manner is a very desirable 
practice as it transmits the bearing loads 
^rectly to the cylinder foot and avoids threads 
in aluminium, which are necessary when studs 
are employed. 
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The crankcase is of aluminium alloy and is 
split on the crankshaft axis. The upper half 
is provided with longitudinal flanges adapted 
to support the engine and is swelled out on 
one side to enclose the camshaft. The bolt 
centre to centre distance between the bearers 
is 17*75 in., and the depth of the top half of the 
crankcase from the crankshaft axis to the 
cylinder feet is 7*0 in. The crankcase as a 
whole is particularly rugged, arfd the top half 
is additionally stiffened by the monoblock 
cylinder unit. 

The sump serves as an oil reservoir and is 
detachable without disturbing the crankshaft 
or any of the working parts. A filtering tray 
is provided in the sump to filter all oil which 
drains from the cylinders and moving parts, 
and this tray slides 
into position and can 
be withdrawn for 
cleaning by remov- 
ing a cover plate at 
the front of the sump. 

At the rear end of 
the sumj) a large 
plug is provided to 
enable a second 
filter, surrounding 
the oil pump suction, 
to bo removed for 
cleaning. 

The camshaft is 
mounted in three 
plain bearings and 
is driven by a silent 
chain, the chain 
wheel being bolted 
to a centre piece 
which is mounted on 
the '-camshaft by a 
cone and key. The 
cams are integral 
with the camshaft and are of the eccentric base 
circle type. The cams operate directly on 
rollers carried by the valve tappets which 
work in bronze guides held in position in 
the top half of the crankcase by dogs, each of 
W'hich holds down two guides. 

The clearance between the tappet and valve 
stem is adjusted by a set screw and lock nut 
carried by the upper end of the tappet. At 
the rear end of the camshaft an overhung 
crankpin is provided to operate the plunger 
oil pump and the air pump for placing the 
fuel tank under pressure. 

The oil pump consists of a long cylinder 
carried by the top half of the crankcase and 
projecting down to near the bottom of the 
sump. At the lower end of this cylinder a ball 
suction valve is provided. The plunger has 
two enlarged portions adapted to form pistons 
and provided with oil- retaining grooves. The 
lower of these enlarged pistons is hollow, and 


has four inclined holes communicating with 
the hollow and with the annular space con- 
tained between the two pistons. 

On the down stroke of the pump oil is forced 
from the underside of the lower piston to the 
annular space, from which it passes by an 
external pipe to the rear end of an oil- 
distribution pipe cast into the side of the top 
half of the crankcase. 

On the up stroke of the plunger, oil flows 
into the pump cylinder through the hall valve 
and fills the space below the lower of the 
piston portions. A certain amount of oil 
flows back through the inclined holes, but 
owing to the greater resistance offered by 
these holes as compared with the resistance 
offered by the ball valve, a considerable 


amount of fresh oil is drawn in on each up 
stroke. 

A float carried on one end of a counterpoised 
rocking lever is provided in the bottom of 
the sump to operate a rod projecting upwards 
through the engine-supporting flange to indi- 
cate the oil level. 

The camshaft and magneto are driven by 
means of a silent chain, the tension of which 
is adjusted by arranging the hearings of the 
spindle of the magneto chain wheel in eccen- 
tric housings. The magneto is driven by a 
laminated spring coupling and is mounted on 
a platform in such a manner that it can 
be displaced sideways to accommodate the 
movements of the spindle when the chain is 
adjusted. A pulley for a V belt to drive the 
radiator fan is mounted on the end of the 
chain wheel spindle. 

The carburettor is a 48 R. A. Zenith aero type. 

The curves shovm in. Fig. 7 give the brake 



fig. 7. 
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performance as obtained by Messrs. Vauxhail 
using a Frond water djmometer. The indi- 
cated performance and mechanical efficiency 
have been arrived at by calculation by the 
method already referred to. 

(iii.) The Ricardo 150 h.p. Tank Engine.— 
The two engines already described represent 
examples of the light type of relatively high 
speed petrol engine in which advantage is 
taken of special materials and a high rotational 
speed for the development of large power 
outputs for a low weight. As contrasted with 
this type there is the relatively lower speed 
engine designed to develop a large torque 
at low speeds and to run at or near its full 
load continuously for long periods. 

As illustrating this latter type, the writer 
has selected the Ricardo 150 h.p. Tank Engine, 
of which the following is a description (see 
Figs. 8 and 9). 

In considering this engine it must be borne 
in mind that its design was in many respects 
controlled by limitations imposed by the fact 
that it was required to be interchangeable 
with the 105 h.p. Daimler engine, previously 
used in the Tank service, both as regards 
length at the crankshaft centre line and overall 
width. ' The depth below the crankshaft was 
also limited. 

It was also required that a minimum use 
should be made of special steels and aluminium, 
so that mild steel had to be employed for such 
parts as crankshafts, and aluminium only used 
for pistons and induction pipes. 

The bore and stroke are 5-625 in. and 7-5 in. 
respectively, and at the normal speed of 1200 
r.p.m. the engine develops 165 b.h.p. 

The six separate cylinders are of cast iron 
with large openings at the sides, which are 
covered with steel panels screwed on. This 
form of cylinder facilitates foundry work and 
allows the cylinder centres to be brought close 
together, thus shortening the engine and re- 
ducing the bending moment due to the couples 
arising from each group of three cylinders. 

Single inlet and exhaust valves are provided 
in each cylinder, the inlet valve being arranged 
above the exhaust and operated by a rocker 
and push rod. The inlet valve seating is 
formed in a detachable housing so that the 
exhaust valve can be changed or ground in by 
removing the inlet valve and its housing. 

As will be observed from the illustrations, 
very great care has been taken to ensure ample 
cooling of the exhaust valve by carrying the 
water space all round the seating. The stem 
is cooled by extending the w^ater space as close 
as possible up to the valve head and by the 
use of a bronze guide which assists in conduct- 
ing away heat. 

The valves are made of 3 per cent nickel 
steel case-hardened all over. The case- 
hardening provides a liighly carburised surface 


which resists pitting and enables a phosphor- 
bronze guide to be employed without risk of 
seizing. 

The inlet valve is “ masked,” that is to 
say, it operates as a piston valve during the 
first and last portions of its travel by closing 
into a recess formed round the valve seat. 
The fit of the valve head into this recess is 
sufficiently close to i^revent any substantial 
flow of gases past the valve when the pressure 
difierence on either side of the head is small. 

The advantage of “ masking ” is that it 
enables the period between the valve leaving 
its seat and returning thereto to bo substanti- 
ally lengthened, while employing a normal 
valve timing as referred to the points of 
leaving and entering the mask. The lengthen- 
ing of the period during which the valve is off 
its seat enables a very rapid cut-off to bo 
obtained while using low accelerations, as the 
valve can be slowly dropped on to its seat 
after it has entered its mask. 

As a result of this arrangement the valve 
can be held very nearly wide open until the 
out dead centre is reached, and the gases can 
then be rapidly cut off by lowering the valve 
into its mask. Consideration of the valve- 
opening diagram in relation to piston velocity 
will show that the gases have excellent 
facilities for filling the cylinder at the end of 
the suction stroke. 

The pistons employed on these engines are 
of a type developed by Mr. Ricardo and known 
as cross-head pistons, from the fact that the 
side thrust due to the connecting rod obliquity 
is taken on a cross-head and guide, thus 
relieving the cylinder walls from all side loads,..-.^ 

The piston is of aluminium alloy and consists 
of a head carrying the rings and provided with 
a tubular extension on its underside. At the 
lower end of tliis extension bosses arc formed 
to carry the gudgeon-pin bushes, and suitable 
flanges are provided to locate a sleeve which 
forms the guiding member of the piston. 

This sleeve is made of cast iron and is 
secured to the lower piston flange by T- 
headed bolts. The sleeve works in a guide 
lined with anti-friction metal. 

The advantages of this form of piston are 
that it gives a high mechanical cflicioncy and 
enables large diameter aluminium pistons 
to be employed with complete absence of 
juston slap. 

The reasons underlying the increase in 
mechanical efficiency duo to the use of these 
cross-head pistons are as follows. In j)racti- 
cally all internal combustion engines the largest 
mechanical loss is that arising from the 
friction of the piston on the cylinder wall. 

In spite of the fact that the bearing pressure 
per unit area and the rubbing speed in the 
case of a piston are in general lower than the 
pressure and speeds found in ordinary bearings, 
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the friction arising from pistons is greater 
than in bearings. It appears probable that 
this is due to the fact that in the case of pistons 
as ordinarily arranged the rubbing surfaces 
are lubricated with oil fouled by particles of 
carbon and gummy residues. 

In the cross- head piston the whole of the side 
thrust due to the obhquity of the connecting 
rod is taken by the cross-head guide, which is 
lubricated with clean, unfouled oil, and the 
head of the piston, carrying the rings, is 
reheved of all contact with the cylinder wall. 
Further, the reciprocating weight with the 
cross-head construction in aluminium is very 
considerably less than with a cast-iron trunk 
piston, and is comparable with the weight of 
a Hght aluminium trunk piston of the same 
size. 

The lubrication of the cross- head guide can 
be copious without any risk of excess of oil 
being passed to the bore of the cylinder. 
The lubrication of the rings is effected by 
providing holes in the cross- head sleeve, which 
overrun the upper edge of the guide when the 
piston is near the top of its stroke. These 
holes communicate with the interior of the 
piston and allow oil to be drawn out and 
sprayed on to the cylinder wall by the partial 
vacuum caused by the upw^ard movement of 
the piston. Any fouled oil draining from the 
cylinder bore can be led aw^ay and prevented 
from contaminating the oil in the crankcase. 

The pistons are cooled by contact of the rings 
on the cylinder w^alls and by the circulation 
of air which is drawm into the chamber surround- 
ing the cross- head guides. This air passing up 
under the pistons cools the piston heads, and the 
heat picked up by the air from the heads and 
guides warms the air before it passes to the 
carburettors which draw from the cross-head 
chamber. The heat thus picked up by the air 
is found to be just sufficient to supply the 
latent heat of evaporation of that portion of the 
fuel vaporised in the induction system on full 
load, and the extra heat picked up on reduced 
loads effectually prevents condensation of fuel 
in the induction system. The circulation of 
air over the top of the crankcase prevents 
undue heating of this part by conduction and 
by radiation from the piston crowns. 

It will be observed that the gudgeon pin 
is of unusually shoif; length, and it might be 
supposed that wear would in consequence be 
excessive. In practice it has been found that 
these pins are remarkably free from wear, for 
the following reasons. The ends of the pin 
are supported in bosses which are situated 
relatively closely together, so that the tendency 
of the pin to bend under load is small, and 
consequently one of the principal causes of 
trouble \vith gudgeon pin bearings is removed. 
Further, the pin is free to rotate both in the 
piston bosses and in the connecting rod small i 


end, so that the rubbing speed is halved and 
local wear avoided. 

The connecting rods are of mild steel 16 
in. centre to centre length, giving a ratio of 
connecting rod length to crank throw of 
4*26 : 1. The small end bush of bronze is 
secured in the rod by swaging a portion of the 
bush into a slot formed in the top of the rod. 
The big end bearing consists of a white metalled 
shell which is located hi the connecting rod 
by means of a pin passing through the shank 
of the rod parallel with the crankpin axis, 
and engaging in slots in the flanges of the 
bearing shell. The big end cap is secured by 
four bolts. 

The crankcase is of cast iron split on the 
crankshaft axis. The seven crankshaft bear- 
ings are white metalled shells supported in 
the lower half of the crankcase independently 
of the top half of the crankcase. The bearing 
caps are mild steel stampings to which the top 
half of the bearing shells are secured by means 
of a stem formed on the shell, passing through 
a hole in the cap. These stems are drilled up 
and are connected to the oil - distribution 
system, so that they serve the purposes of a 
bearing location and a connection for the 
introduction of oil. 

The object of supporting the main bearings 
in the lower half was to enable the crankshaft, 
the main bearings, or the top half to be 
removed -without disturbing the base which 
carries the engine feet. Any of the main 
bearings can be removed and replaced without 
disturbing the crankshaft, by removing the 
cap and top half of the bearing and rotating 
the lower shell round the shaft. 

The crankshaft is a mild steel forging with 
solid journals and hollow crankpins. The 
outside diameter of the journals and crankiun 
is 2*875 in., and the boro of the pins 1-4375 in. 
The lengths of the journals arc: flywheel end, 
4-0 in. ; forward end and centre bearing, 
2*875 in. ; intermediates, 2*125 in. 

The flywheel is an iron casting 20 in. in 
diameter, bolted to a flange formed on the 
crankshaft. On the forward end of tho shaft 
a Lanchester vibration damper is mounted. 

Owing to the limitation imposed on tho over- 
all length of the engine, tho length of the 
journal and crankpin bearings had to bo 
restricted, and it was decided to favour the 
big end bearings and to roly on the use of 
balance weights to reduce tho loading on tho 
main bearings, should it bo found necessary to 
reduce tho load factor on these bearings owing 
to the poor wearing qualities of tho mild stool 
crankshaft which had to bo used. 

The lubrication is arranged on tho dry base 
system. Three oscillating valveless plunger 
pumps are provided at tho gear end of the 
engine. The plungers are all operated by a 
crankpin formed on the end of tho spindle 
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carrying the idle wheel connecting the crank- 
shaft pinion and camshaft wheel. One of the 
pumps supplies oil under pressure to the 
distribution system, and the other two pumps 
return the used oil to the external oil-tank. 
An oil sump is provided at each end of the 
base chamber. Each of the scavenger pumps 
is connected to one of the sumps, so that the 
crank chamber is kept free from accumulated 
oil even when the engine is tilted through 
large angles. 

The distribution system consists of a pipe 
running the length of the engine, inside the 
crank chamber, with branch pipes leading to 
each main bearing. A relief valve is provided 
at the flywheel end of the main pipe, and a 
branch is led from an intermediate point in 
this pipe to an oil-pressure gauge. Oil passes 
from the main bearings to the crankpins by 
way of inclined holes drilled through the 
crank webs to connect the interior of the pins 
with a hole in the adjacent journal. The 
exit holes in the crankpins are drilled at the 
side of the pins at the point of minimum 
loading. 

Owing to the restriction imposed on width, 
all the auxiliaries were grouped at the ends of 
the engine. 

The auxiliaries consist of two magnetos, 
two governors, three oil-pumps, water- circulat- 



ing pump, and an air-pressure pump for 
putting pressure on the petrol tank. One of 
the governors controls the maximum engine 
speed, and the other was intended to open 
the throttle when the speed dropped below 
400 r.p.m. This latter governor was subse- 
quently found to be \innecessary. 

An interesting feature in connection with 
the valve driving gear is the method of 


providing for adjustment of mesh of the idle 
wheel, by mounting it in a spider bolted to the 
end of the crankcase so that its position may 
be adjusted. 

Mixture is supplied to the cylinders by two 
vertical 55-mm. Zenith carburettors, which 
normally draw the 
whole of their air 
supply from the cross- 
head chamber. A 
hand - adjusted cold 
air supply is provided 
for use in very hot 
weather. 

The performance of 
these engines is given 
in the accompanying 
graphs, which are self- 
explanatory. It may 
he pointed out, how- 
ever, that as all the 
engines made were 
tested on swinging 
field dynamometers, 
the various frictional and pumping losses were 
easily ascertained under actual running con- 
ditions as to temperatures by motoring the 
engine with fuel and cooling water cut off. 
The motoring method of ascertaining the gross 
mechanical losses was checked by Morse’s 
method of cutting out one cylinder at a time 
while running under full load, and noting the 
drop in torque equivalent to the indicated 
power of the cylinder cut out. 

The following mean results were obtained in the 
last eight hours of a ten-hour test made on a standard 


engine to establish a heat balance sheet : 

B.H.P. 162-9 

Fuel (lb. per b.h.p. hour) . . . 0*554 

Brake thermal efficiency . . . 24*7 p.c. 

LH.P 187*0 

Indicated thermal efficiency . . . 28*4 p.c. 

Indicated efficiency relative to the air 
standard . . . . . .04*0 p.c. 

Heat loss to jackets (B.Th.U.’s per hour) 418,000 
Heat to indicated vork. . . . 28*4 p.c. 

Heat to cooling water . . . .24-9 p.c. 

Heat to exhaust, radiation, etc. . . 46*7 p.c. 
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The fuel used was Shell spirit, sp.g. 0*725, lower 
heating value 18,G00 B.Th.U.’s per lb. The air 
standard efficiency for the compression ratio of 4*34 : 1 
is 44*4 per cent, and the mechanical efficiency 87 
per cent. 

The following are some of the principal data of 
these engines : 


Number and arrangement of 
cylinders .... 

Bore 

Stroke ..... 
Compression ratio 
Normal b.h.p. and speed 

Brake mean pressure . 


Six, vertical, 
separate. 
5*625 in. 

7-500 in. 

4-34 : 1 

165 b.h.p. at 
1200 r.p.m. 
97-3 lbs. sq. in. 

2 R 
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Mechanical efficiency . . .88 per cent. 

Indicated mean pressure . . 110-G lbs. sq. in. 

Fuel consumption (0*730 s.g. spirit) 0’()36 pint 

b.li.p. hr. 

Brake thermal efficiency . .23-0 per cent. 

Indicated thermal efficiency. . 26-8 per cent. 

Air standard efficiency . - 44’ 4 percent. 

Relative efficiency (fuel supplied) . ()0-4 per cent. 

Oas Velocities (ft, per sec.) at 1200 r.p.m. 

Choke tube .... 353-0 
Carburettor body . . - 168-0 

Vertical induction pipe , . 165*2 

Induction manifold . . . 156*3 

Inlet port ..... 109-6 

Inlet valve (period above mask) . 168-3 

„ „ (total period) . . 130-8 

Exhaust valve .... 148*25 

Exhaust port .... 140*3 

Exhaust branch pipes . . . 140*3 

Exhaust manifold . . - 126*6 

Weight of piston complete with 

rings and gudgeon . . . 7*25 lbs. 

Total reciprocating weight per 

cylinder ..... 10-82 lbs. 

Weight per sq. in. piston area . 0-435 lb. 

IMean inertia pressure at normal 

speed ..... 33*3 lbs. 

Weight of rotating mass of con- 
necting rod . . • .7*13 lbs. - 

Total centrifugal pressure at 
normal speed .... 1094 lbs. 

Centrifugal pressure per sq. in. 

piston area . . • .44*4 lbs. sq. in. 

Mean average fluid pressure, in- 
cluding compression . . . 43-0 lbs. sq. in. 

Total loading from all sources per 
sq. in. piston .... 109*5 lbs. sq. in 
Diameter of crankpin . . . 2*875 in. 

Rubbing velocity of big end 
(normal speed) . . . 15*04 ft. sec. 

Width of big end bearing (eSective) 2*25 in. 
Projection area of big end bearing 
(effective) • . • .6*47 sq. in. 

R.atio piston area/projected big end 
area ..... 3*84; 1 
Mean average pressure on big end. 421 Ibs^ sq. in. 
Load factor on. big end bearing . 0330 lbs. ft. sec. 

A. T. E. 

Phase (in Thermodynamics). See ‘‘ Thermo- 
dynamics,” §§ (28), (52) ; “ Phase Pule,” 
§(!)• 

PHASE RULE 
I. Introduction 

§ (1) Introductory. — L iquid water may be 
in equilibrium tvith its saturated vapour 
throughout a wide range of temperature and 
Ijressuro ; but if one of these variables, let 
us say temperature, be fixed, there is only 
one pressure at which permanent equilibrium 
is possible. At 0“^ C. this pressure is 4*6 mm. 
of mercury, while at the standard boiling- 
point, 100° C., the equilibrium pressure is 
760 mm. Again, at a certain temperature, 
a fraction of a degree above the normal 


freezing-point, ice, wnter, and va])onr can co- 
exist in stable eqifilibrium under the pressure 
of the vapour at that tem])eratiire. But, 
in this case, no variation is possible : at the 
triple point, with ice, water, and vapour 
in equilibrium, the temperature must bo 
+ 0°*00()8 0., and the pressure 4-6 mm. of 
mercury. If cither tomjieraturo or pressure 
depart from tliese values, the equilibrium 
will be disturbed, and either icc, water, or 
vapour disappear. 

In these systems we have but one component 
— water substance, the chemical compound of 
composition H^O. There are three possible 
phases — solid icc, liquid water, and aqueous 
vapour. The therniodynamie investigation 
of the phenomena of equilibrium between the 
phases in systems of one or more components 
led Willard Gibbs ^ to formulate a simple 
law to which is given the. name of the Phase 
Ride. 

§ (2) Definitions. — In more complex sys- 
tems, we may have equilibria such as that 
between calcium carbonate on the one hand 
and limo with carbon dioxide on the other. 
In this reaction 

CaCO .,y~^C aO +00... 

When the velocity of change in opposite 
directions is equal, we get equilibrium ana- 
logous to that between water and its saturated 
vapour. The amounts of lime and carbon 
dioxide on the right-hand side of the equation 
are independent of each otlior. Wo can 
bring more limo into the system from outside 
without changing the total quantity of carbon 
dioxide free and combined. Limo and carbon 
dioxide are independent components of the 
system. But bringing in either limo or carbon 
dioxide or both of thorn will aficet the e<iuili- 
brium, and a change in the amount of calcium 
carbonate will bo produced. Honco the 
quantity of calcium carbonate depends on the 
amounts of limo and carbon dioxide. Calcium 
carbonate is merely a phase in equilibrium 
with other phases. It is not an inflopcntlcnt 
component of the system. 

We are now in a position to appreciate 
the meaning of the following definitions : 

A Phase is a mass chemically and physic- 
ally homogeneous, or a mass of uniform 
concentration. 

The Componeyits of a phase or system are 
the substances contained in it which are of 
independently variable concentration. 

II. Thrrmodvnamio Theory of the 
Phase Rule 

§ (3) The Equilibrium of Isothermal 
Systems. — The Phase Rule can bo deduced 
from the two classical laws of thermodynamics, 

* Trans. Connect. Acad.^ 1875-78, ii. and iii. ; or 
reprint of Willard Bibbs’ papers. 
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which are themselves the expression of accumu- 
lated experience in the observed phenomena 
of the mutual transformations of heat and 
mechanical work. 

If heat and work are passed into a system, 
the first law or principle of conservation of 
energy tells us that the gain, oe, in the energy 
of the system is equal to the sum of tbe heat, 
5H, passed in (expressed in mechanical units), 
and the work, 5W, done on the system. If 
the only work involved is that done against 
a uniform hydrostatic pressure, it may he 
written as ^ov, but, if other forms of work 
are done, we may ex}press them a, 11 in general- 
ised co-ordinates as :i:(XSa;), where X denotes 
an intensity factor, such as pressure or electro- 
motive force, and hx the change in a quantity 
factor such as volume or quantity of electricity. 

Hence ^he increase in energy of a system 
which takes in heat and work may be written as 
5e=5H + 2(X54 . . (i.) 

The second law of thermodynamics leads to 
the concept of entropy.- which is such that 
the change 5(^ in entropy when heat passes 
isothermally and reversibly into a system is 
where d is the temperature, measured 
on the absolute scale, at which the change 
occurs. Hence we get the relation = 
for a reversible change. 

If the change be non-reversible {e,g. if 
friction or conduction of heat through finite 
temperature ranges occur) the efi&ciency of 
the process is less, and the increase in entropy 
is greater. Thus for non-reversible processes 
5H< ^50. 

Now let us substitute these relations in 
equation (i.). We get for reversible operations 


8e = d8i> + '^{X8x), 

■ (ii.) 

and for non-reversible operations 


5e < 68(p + ^{Xdx). 

. (iii.) 

If wo subtract from each side 


5{0(p) — 68(p -f- <p8d. 



wo obtain the equation and the inequality 


o(e - £/0)^ - ^5(9 + 2(X5a;). . (iv.) 

Let us suppose that we keep the temperature 
constant, that is, that we deal with an iso- 
thermal system. Since there is no change in 
0, 86 is zero, and we get 

8i^^:2{X8x), . . . (v.) 

where ^ is written for e - 9</), a quantity 
which will often recur in our investigation. 

Wo can now see the physical significance 
of this quantity It denotes the total 

amount of work, of whatever kind, which is 
put into a system during a small reversible 
isothermal change in the system, and - 8rp, 
the decrease in the function is the work 
which can be obtained from the system during 


such a change. Hence xp or its decrease is 
known as the free energy or the available 
energy, and is often written as A in chemical 
treatises. 

If we restrict ourselves to operations carried 
out at constant volume, or, in the general 
case, where any kind of work is done, to 
operations where there is no change in x, 
ox vanishes, and we get 

. . . (vi.) 

for reversible and non-reversible operations 
respectively. 

Now all real processes are more or less 
non-reversible. Reversibility, in the thermo- 
dynamic sense of the word, is a condition in 
which an infinitesimal change in one of the 
co-ordinates of the system, such as temperature 
or pressure, suffices to reverse the direction 
of change in the system. It is an ideal state, 
W'hich w’e may approach more or less nearly, 
but cannot reach, since such influences as 
friction and conduction of heat cannot wholly 
be excluded. Hence for aU real isothermal, 
constant-volume operations 8\p must be less 
than zero, that is negative, and xp must sufier 
a decrease. 

Let us imagine that xp has reached a minimum 
value. Then, for any further small change, 
it can decrease no more. If it alter at all, 
it must increase. Rut, smee a real change 
must involve a decrease in xp, no real change 
can occur when xp is Oi minimum : the system 
must be in equilibrium. 

Thus we reach the necessary and sufficient 
condition of equilibrium for an isothermal 
system in which the quantity factors x, such 
as volume, are kept constant. The condition 
is that the xp function should he a minimum. 

In mechanics we similarly get equilibrium 
when a potential is a ininimura, and hence, 
by analogy, the \p function is called a thermo- 
dynamic potential — the thermodynamic poten- 
tial at constant volume. 

In order to investigate the condition of 
equilibrium for a system at constant pressure, 
or, in the general case, when the intensity 
factors X in the expression "^{Xdx) for the work 
of all kinds are kept constant, we must return 
to relations (ii.) and (in.), 

de^ddep +'2:{Xdx), 
and subtract from each side 

+2(Xa;)} = e8<p+(p5d + '2{X8x)+^{x8X), 
thus obtaining the relations 

8[6-e<p~ :^{Xx)} ^-4>8e- :^{x8X). (vii.) 

If wo write ^ for e - d(p-'^{Xx), and restrict 
ourselves to isothermal operations, we get 

6i-= - S(a:5X), . - (viii.) 

relations which indicate that 5^ has not 
such a definite physical significance as 8xp, 
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the available energy. Nevertheless, ^ gives 
us the condition we seek. 

If we work at constant pressure, or, in 
the general case, when all X’s are constant, 
vanishes and 

.... (ix.) 

where, as before, the equation characterises 
reversible and the inequality irreversible 
processes. Hence it follows that, when ^ is 
a minimum, no real, ix. irreversible, process 
can occur, and the system must be in 
equilibrium. 

We have now obtained a complete solution 
of the problem of the conditions of equilibrium 
of isothermal systems in the two cases which 
are at once the simplest and most important. 
When the a;’s (including the volume) are 
constant, \p must be a minimum, and when the 
X’s (including the pressure) are constant, ^must 
be a minimum. 

The functions and f are thermod 3 mamic 
potentials, and involve the internal energy, 
the temperature, the entropy, and the co- 
ordinates X and X of the system, p and ^ 
are therefore functions of the composition, 
the temperature, and the pressure of unit 
mass of the system. 

§ (4) The EQurLiBKiUM: oj Phases. — Let us 
once more return to the consideration of the 
system with which we began — a liquid, water, 
in contact with its saturated vapour. If a 
small mass am of liquid evaporate at constant 
volume, there will be an increase, say, dxpi, 
in the value of for the vapour, and a de- 
crease, in that for the liquid, while, if 
the change occur at constant pressure, the 
corresponding quantities will be 5^^ and 
The total rate of increase per unit mass 
evapf^rated is therefore 
dpi dpo 

dm ~ 'dm’ dm dm 

In order that the system should be in 
eqjnhbrium, p or ^ must be a minimum, and 
jeherefore the differential coefficient must vanish. 
Hence the necessary and sufficient condition 
of equilibrium for the component water sub- 
stance in the two phases is 

at constant volume 

and at constant pressure I 

^ dm dm J 

These quantities were named by Gibbs the 
chemical potentials, and, for brevity, the 
equations such as (x.) may be written as 

f^l = yU2« 

At the triple point, where ice, water, and 
vapour coexist in equilibrium, we have also 

Ai2 = /i3, 

fis=ixi. 


dm 


_d^ \ 
“dm’ I 


But the last is not an independent equation, 
it is implicitly contained in the other two ; 
for three phases, containing one component, 
we have two independent equations wdien the 
three phases are in equilibnum. 

§ (5) The Phase Rule. — We are now ready 
to consider the general problem of equilibrium 
in a system containing r phases and 7i com- 
ponents- 

For each component we can get a series of 
equations like those just obtained, giving the 
conditions of equilibrium for that component 
in pairs of coexisting phases. As before, the 
best possible equation will be implicitly con- 
tained in the others, and the number of in- 
dependent relations is consequently one less 
than bhe number of phases, or r - 1. In the 
whole system, containing n components, we 
shall have a series of these equations for each 
component, since, if the whole system is in 
equilibrium, each component must bo in 
equihbrium in each pair of coexisting phases. 
For instance, in a mixture of water and 
alcohol in equilibrium with the mixed vapour, 
both for water substance and for alcohol sub- 
stance must /ai=g 2 - Hence, in the whole 
system, the number of independent relations is 

7i{r- 1), 

and these are relations between quantities 
which are functions of the composition, the 
temperature, and the pressure. 

Let us now ask wffiat is the number of 
independent variables in the system of r 
phases and n components. 

In unit mass of each phase there may bo 
n components. The composition of the phase 
is known if the masses of n - 1 of these com- 
ponents are given. For instance, in one gram 
of a solution of a salt in alcohol and water, if 
we know that there is half a gram of water 
and a quarter of a gram of alcohol, wo do not 
need to be told that there is a quarter of a 
gram of salt. 

Altogether we have r phases of which this 
is true. Hence the number of indo])ondont 
variables defining the concentration or com- 
position of the system is r{n - 1). But, besides 
the composition, we must know the tempera- 
ture and pressure. The volume of unit mass 
will then of course bo fixed, and is not an 
independent variable. Hence to tho internal 
variables, defining the composition, wo must 
add two, the temperature and tho pressure. 
The whole number of independent variables is 
thus 

r{n - 1) -h2, 

and, to determine those variables, wo have 
n{r - 1) independent equations, containing 
functions of those same variables. 

If we have the same number of simultaneous 
equations as we have independent variables, 
the variables must each have one and only 


and 
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one determinate value. That is, the system 1 
can exist in ecLuilihrium only at one tempera- 
ture, one pressure, and one composition of 
each variable phase. Such a system is known 
as non-variant or invariant. It is defined by 
the relation 

l) = r(?i- 1) -1-2 

or ?z.-r -1-2 = 0. . . , (xi.) 

On the other hand, if there are less in- 
dependent equations than there are variables, 
the system vdll not be completely determined. 
It can exist in equilibrium in different condi- 
tions, and its amount of indeterminedness will 
increase vith the excess of variables. For 
instance, if there is one more variable than 
there are equations, one unlmown will remain 
unspecified. In the equilibrium between a 
liquid and its vapour, is 1 and r is 2 ; hence 

n — . . . (xii.) 

Tliis system is known as monovariant or 
univariant. It can exist in equilibrium 
throughout a wide range of temperatures and 
pressures. But, if one of these variables be 
fixed, the other is fixed also. At 50° C., for 
example, equilibrium is only possible between 
water and steam at a pressure of 92-3 mm. of 
mercury. 

We now see that the excess of the number 
of variables over the number of independent 
equations between them may rightly be called 
the number of degrees of freedom of a system. 
If this number be written as F, we have 

'F = r{n-l)+2-n{r-l) = n-r+2 (xm,) 

as the symbolic expression of Willard Gibbs’ 
Phase Rule, which, put into words, is : 

The number of degrees of freedom of a 
system in equilibrium is two more than the 
excess of the number of components over the 
number of coexisting phases. 

III. Application of the Phase Rule 

§ (6) One-component Systems. — ^As the 
simplest and most familiar application of the 
Phase Rule, let us deal with the phenomena 
of equilibrium between the different phases of 
water substance. 

To obtain a non-variant system, we must 
have as in equation (xi.) 

F = ?i-r-f2 = 0. 

Since there is only one component, n is unity, 

and we find „ 

r = 3. 

That is, to get a system which is completely 
specified, three phases must coexist, or ice, 
water, and vapour can coexist in stable equili- 
brium at one temperature and one pressure 
only, viz. at the freezing-point +0°-0068 C., 
under the pressure of the vapour, which is 
4-6 mm. of mercury. 

The further relations of a one-component 


1 system, as illustrated by the Phase Rule, are 
best exemplified by means of a plane diagram, 
drawn between temperature and pressure as 
ordinates {Fig. 1). On this diagram the in- 
variant system of three phases is represented 
by the point P, the so-called triple point. Both 
temperature and pressure are fixed and de- 
termined. 

Let us imagine that, to this system of three 
phases, heat is added. Ice will gradually melt, 
but, as long as any ice remains, neither tem- 
perature nor pressure will change. The melt- 
ing-point is constant and the vapour pressure 
is constant. 

WTien the last particle of ice disappears only 
two phases are left. In the equation (xiii.) r is 
now 2, and F becomes unity. We have the 
system of liquid 
and vapour in p 
equilibrium as ex- 
plained above ; we 
have a univariant 
system. On the 
diagram, this 
system must he 
represented by a 
simple line — that 
is, by a figure 
which, for one 
value of the abscissa, has one value of the 
ordinate only. In this case, the line is PA, the 
well-known vapour pressure curve of water. 
It ends at the critical point, where the dis- 
tinction between liquid and vapour ceases 
and above which only one phase exists. 

The slope from point to point of curves such 
as this is given by the so-called Latent Heat 
Equation,^ 

dp Jj ... 

dd~9{v2-i\y * * (^v.) 

where p is the pressure, $ the temperature 
measured on the absolute scale, the 

change in volume produced when unit mass 
of one phase passes into the other, and L the 
latent heat, t.e. the amount of heat, measured 
in mechanical units of energy, that must be 
added to cause this transformation. The 
Phase Rule enables us to predict the number 
and meaning of these curves of equilibrium, 
and the Latent Heat Equation gives their 
slope. Hence the Phase Rule and the Latent 
Heat Equation contain together the complete 
solution of the problem of equilibrium. 

And now let us return once more to a 
mixture of three phases at the triple point. 
Instead of passing heat into this mixture, let 
us imagine it to.be abstracted. Water will 
gradually freeze, but, so long as any liquid 
remains, the temperature and pressure "are 
unaltered and we still have an invariant 
•system. 

^ See article “ Thermodynamics.** 
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But, when the last drop of water freezes, only 
two phases, ice and vapc^ur, remain. Again, 
in the equation (xiii.) r is 2 and F is unity, 
and once more we must represent the system 
on our diagram by a line. This curve PE, 
showing the equilibrium between solid ice and 
aqueous vapour, is the vapour pressure curve of 
ice below the freezing-point. Since the latent 
heat of the change from solid to vapour near 
the freezing-point is the sum of those for the 
changes solid to liquid and liquid to vapour, 
the slope of this curve is greater than that of 
the vapour pressure curve of water, and the 
curve for ice lies below that for imder-cooled 
water. 

Finally, if instead of passing heat into or 
out of the invariant system, we attempt to 
increase the pressure, its rise will be only in- 
finitesimal ; vapour null condense, and the 
volume will diminish. When all vapour has 
gone, we get the uni variant system liquid water 
and solid ice. The curve of equilibrium PD, 
since the change in volume from ice to water 
is small and negative, is shown by the latent 
heat equation to be very steep, and to slope 
upwards from right to left. It gives the de- 
pression of freezing-point as pressure increases, 
which is one degree centigrade for about 147 
atmospheres. 

§ (7) Two-component or BiNiJiy Systems. 
— As an example of a simple system containing 
two independent components, we will take 
water and an anhydrous salt such as potassium 
chloride. In the Phase Rule Equation (xiii.) n 
is 2, and to get a non-variant equilibrium we 
have 

Fz=0=2-r-i-2 
or r = 4. 

The four possible coexisting phases are crystals 
of ice, crystals of salt, saturated solution, and 
the vapour, which, since the vapour pressure 
of the salt at ordinary temperatures is negli- 
gible, is the vapour of water only. 

Our plane diagram, where the co-ordinates 
are temperature and pressure, is now inade- 
quate, because a new independent variable 
appears — ^the concentration of the solution. 
For graphical representation, we shall want 
another axis, and therefore we must take a 
three-dimensional model, which can he indi- 
cated on a plane diagram by a perspective 
sketch (Fig. 2). 

In this model, the invariant system of four 
coexisting phases is represented by a point P. 
The co-ordinates of this point are fixed by the 
temperature t corresponding to the freezing- 
point of the saturated solution under its own 
vapour pressure, the vapour pressure p, and 
the composition c of that solution at the 
freezing - point. For water and potassium 
chloride - ll°'l C., p = 2-0 mm. of mercury, 
and c = 24-6 grams KCl to 100 grams 


This constancj" cjf composition and of melt- 
ing-point used to be thought charactoristic 
of elements or definite chemical compounds 
only. And Guthrie, who first investigated the 
phenomena of these invariant systems, called 
the mixture of solids cryohydrates. 

Let heat be passed into this non-variant 
mixture. Ice melts, and salt dissolves in the 
liquid so produced to form more saturated 
solution ; the co-ordinates are unaltered. But 
eventually either salt or ice fails. If ice fails 
first, leaving excess of salt, we are left with 
salt, saturated solution, and vapour — three 
phases which, in accordance with the rule, 
form a univariant system represented by a 
line such as PA in our solid model, the 



vapour 2 >i’essure curve of a solution saturated 
from point to point as the temi^erature rises. 

If, on the other hand, the supply of salt 
fails, leaving excess of ice, the solution grow'S 
more dilute as ice melts, and in the end, if 
the amoimt of ice is unhmited, the solution is 
infinitely dilute, i.e. this freezing-point curve 
ends at B, the freezing-point of pure water. 
Along its length the concentration varies fast 
— ^it lies quite out of the plane of the sketch 
diagram. 

If heat be taken from the non-variant mix- 
ture, liquid vanishes, and we get PE the vapour 
pressure curve of mixed ice and salt, while, if 
the volume be diminished and finally pressure 
he increased, w^e obtain the last possible uni- 
variant system made uj) of ice, salt, and 
saturated solution, represented in Fig. 2 by 
the line PD. 

The four curves so obtained mark out 
edges in the solid model, and these edges form 
lines of contact between sheet-surfaces. Such 
surfaces represent di-variant systems with 
two degrees of freedom, and, as the Phase 
Rule shows, two phases in equilibrium. For 
the example taken, these pairs of phases are 
wTitten. on the diagram (Fig. 2). 

Finally, between the di-variant surfaces 
three-dimensional spaces exist, representing 
the three degrees of freedom characterising 
systems containing one phase only. The 
meaning of each space on the diagram can 
be seen by taking the 2 )hase common to the 
two surfaces which bound the space in question. 
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The complete significance of the diagram is 
now clear. 

This diagram also represents the phenomena 
of equilibrium between water and a hydrated 
salt such as sodium sulphate, NaaSO^ . IOH 2 O, 
“ hydrate ” being substituted for “ salt ” where 
it occurs in Fig. 2. In this case, the curve OA, 
giving the equihbrium between hydrate, solu- 
tion, and vapour, ends at 32° C., where the 
hydrate melts and passes into anhydrous 
sodium sulphate and water. At this point, then, 
we get another non-variant system, the four 
necessary phases being solid hydrate, sohd 
anhydrous salt, liquid solution, and the 
vapour. From this point start four uni- 
variant curves, repeating qualitatively the 
phenomena of Fig. 2. 

When we pass from the quahtative to the 
quantitative study of these phenomena, the 
general sketch of the model must be replaced 
by a projection of the uni variant curve in 
question on one or other of the three planes. 
Thus experiments on the connection between 
oemperature and solubility are represented 
by projecting the curve OA on the C-t plane. 
In order to do this, the pressure at each point 
should be that of the vapour at that point, 
but, since the solubility of a solid does not 
change much with pressure, the simpler ex- 


with silver, and in CBF copper and a solution 
saturated with copper. Above the equilibrium 
curves AB and CB no solids exist, and the 
liquid is an unsaturated solution. 

If a melted alloy, such as that represented 
by the point G in Fig. 3, of composition 



Atomic percents 
Fig. 3. 

richer in copper than that of the eutectic 
mixture, be cooled, solid copper, represented 
by the point M, is deposited when the tempera- 
ture falls to that corresponding to the point H. 
The residual liquid thus becomes richer in 
silver. It changes as indicated by the curve 
HB, till its composition is that of the eutectic. 
At B silver and copper are deposited together 
in eutectic proportions till the whole system 
is solid. Microscopic examination of the 


periments made under constant atmo- 
spheric pressure give the theoretical uni- 
variant curve with enough accuracy. 

Simple illustrations may be taken from 
solutions of salts in water, or, to open new 
ground, from alloys. Fig. 3 shows the 
equilibrium between silver and copper. 
Pure silver melts at 960°, and the ad- 
dition of copper lowers the melting-point 
in a univariant manner. On the other 
hand, pure copper melts at 1081°-5, and 
the addition of silver similarly lowers the 
melting-point. Tlie two curves cut each 
other at a point B, where there are 40 
atomic per cents of copper and the tem- 
perature is 777°. Here we get four 
phases : crystals of the two pure metals, 
the liquid, consisting of the saturated 
solution of each in the other, and the 
vapour. By the Phase Rule this is a 
non -variant system ; microscopic examina- 
tion shows that its crystalline structure is 
more uniform than that of a mixture of 
any other proportions, and it is hence 
called a eutectic alloy. The crystals are 
those of pure silver, represented by E, 
mixed with those of pure copper, repre- 
sented by F. Below 777° no Uquid can 



FIG. 4. 


exist, hence underneath the horizontal line 
EBF we have a region in the diagram which 
represents solid alloys made of mixtures of 
copper crystals and silver crystals in varying 
proportions. In the region AEB wo have 
crystals of silver and a solution saturated 


solid so obtained will show the larger crystals 
of pure copper first deposited, cemented to- 
gether by a conglomerate made of the smaller, 
more regular crystals of both metals deposited 
eutectically. 
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The copper-silver diagram of Fig. 3 ‘will also 
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represent, in a 
brium between 
water and an 
anhydrous 
salt. The point 
A represents 
the melting- 
point of ice and 
the point C that 
of the salt. 
Eor potassium 
chloride, for 
instance, this 
point is 730° 0. 
Practically, the 
investigation of 
this case pre- 
sents diffi- 
culties, since 
above 100° C., 
owing to the 
high vapour 
pressure of 
water, the ex- 
periments have 
to be carried 
out under 
rapidly increas- 
ing pressures, 
but the change 


Fig. 5. 


K H J S 


qualitative way, the equili- 


the so-called solute and solvent. Along the 
curve CB the solution is saturated with and 
in equilibrium -with salt, and along AB it is 
saturated wdth ice. At the eutectic point B 
both ice and salt exist. Fig. 3, therefore, wdll 
represent the equilibrium bet-vveen water and a 
salt, if ice be read for silver and salt for copper. 

If water and salt combine to form a hydrate, 
or if two metals, such as antimony and copper, 
form a compound, we get as one possibility 
a diagram of the type shown in Fig. 4.^ 
If the compound have the composition re- 
presented by H, the vertical line T''EH 
divides the figure into two, each part being 
analogous to the complete diagram in Fig. 3. 
At E the solid hydrate or other compound 
is in equilibrium with a liquid of the same 
composition, and we get a constant melting- 
point. Adding either component to this 
compound causes the melting-point to fall. 
Along the curve CED the hydrate is in equi- 
librium with the saturated solution. At C 
we have a non-variant eutectic point where 
hydrate and ice are the solid phases, and at 
D another eutectic point with hydrate and 
anhydrous salt as solids. 

If a liquid represented by U be cooled 
along UR, solid hydrate, represented by X, 
appears at F. As more and more hydrate 
crystallises out, the composition of the liquid 


MgCk'4H^0 

+ 

MgCI^'2H^0 



Fig. 6. 


thus produced in the state of equilibrium of 
the solid and liquid phases is very small, 
and, theoretically, the diagram brings out the 
fact that there is no real distinction between 


changes, the proportion of water increasing 

^ Figs. 4, 5, 6, and 12 to 18 are taken, by permis- 
sion, from Br. B. A. Clibbens’ book, The Principles of 
Phase Theory (Macmillan & Co.). 
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with, falling temperature as shown by the 
curve FC, At 0 ice appears. 

On the other hand, if a liquid richer in salt 
than the hydrate be cooled along VZ, the 
hydrate X appears at G and the residual 
liquid becomes increasingly more saline till 
anhydrous salt crystals appear at D. 

It is interesting to note that if water be 
evaporated at constant temperature from an 
unsaturated solution represented by Y, so 
that we pass along the horizontal line YL, 
the liquid will solidify at F, but the system will 
again hquefy at G, w’here the line once more 
enters the region of unsaturated solutions. 
It will remain wholly liquid till K, where 
anhydrous salt appears. When all water is 
evaporated, we are left with pure salt at L. 

Another possibility is shown in Mg. 5. 
Here the non-variant point I) has a liquid 
phase containing more water than does the 
hydrate — that is to say, is on the left of T'TMH. 
Passing up the curve CD from left to right, 
anhydrous salt appears before the composition 
corresponding to the pure hydrate is reached. 
Liquids of composition V or XJ when cooled 
deposit anhydrous salt at L and K respectively, 
and hydi'ate w'hen the residual liquid reaches 
the transition point D. Isothermal evapora- 
tion along YE produces hydrate at Z, which 
is converted into anhydrous salt when dehydra- 
tion begins at R. 

Both these possibilities are actually found 
in the phenomena of equilibrium of water and 
magnesium chloride, a salt which crystallises 
with 12, 8, G, 4, and 2 molecules of water to 
form five different hydrates. The meaning 
of Mg. 6 wiU be clear without further 
explanation. 

§ (8) Mixed Ceystals oe Solid Solutions. 
— Hitherto we have dealt with systems where 
the only phase with continuous variation in 
composition was the liquid. The solids have 
been crystals, such as ice, salt, a hydrate, or 
a metal, of one definite chemical and physical 
constitution. But solids are found with 
continuous variation ; they are called solid 
solutions or mixed crystals. For instance, 
it has long been known that in crystals of the 
alums, one metal such as sodium can replace 
another such as potassium by insensible 
gradations, causing no change in the form of 
the crystals. 

The thermodynamic theory of these variable 
solid phases has been worked out by Rooze- 
boom,^ by a method originally due to van 
Rijn van Alkemade.^ 

We have already seen that the condition 
of equilibrium of each component in two 
coexisting phases is 

QJ. 

dm dm' dm dm' 

^ Zeits. phys. Chem., 1899, xxx, 385. 

* Ibid., 1893, xi. 289. 


according as the system is maintained at 
constant volume or at constant pressure. 
These difierential coefficients give the slope 
of the curves in a diagram drawn between 
f and m or and m as ordinates. When 
m and therefore the concentration of one 
component in the other is small, we get a 
characteristic dilute system, the energy rela- 
tions of which correspond to those of any other 
dilute solution or of a gas. The work done 
during an isothermal compression of a gas is ^ 

mETlog??, 

Pi 

where m is the mass of the gas, R the gas 
constant, T the absolute temperature on the 
gas scale, and and the 

initial and final pressures. 

In the problem which now I 

faces us, it follows that the 
work done in introducing a 
further small quantity of sub- jj 
stance is of the form u-f log bm, 
wffiere a and b are independent 
of w. When the concentration is 
indefinitely small, m approaches 
zero, and its logarithm - oo . 

The curve must therefore at first 
touch the axis of i/' or In jy 
the diagram of Fig. 7 the pure 
components A and B are repre- 
sented by the t^vo sides of the 
figure, whUe systems of mixed v 
composition are denoted by q 
intermediate points. In Divi- 
sions I., II., III., and lY. of the ^ 
figure, the vertical axis gives 
the value oi \p oi in Division V, it gives 
the temperature. 

With two variable phases, liquid and solid, - 
we have two curves, and we now see that 
each of these curves must start vertically 
downwards from each side of the diagram. 
Let us consider the possibilities of form in 
the rest of the curves. 

The simplest possibility is that both curves 
should run from end to end with no changes 
in the sign of curvature, as in Fig. 7. Division 
I. in this figure shows the two phases above 
the melting-point of either component. The 
liquid being the stable phase, its potential 
must be less than that of the solid, and its 
curve lies below. At a melting-point, solid 
and liqrid are in equilibrium, and the ' corre- 
sponding ends of the two curves coincide. 
At some lower temperature, for certain com- 
positions, the solid is stable, and the two 
curves cut each other as shown in Division II. 

Now the condition of equilibrium as given 
in equation (x.) is that d^Jdm=d^Jdm, i.e. 
that the curves should have a common tangent. 
This is satisfied by the points a and by which 

^ See article “ Thermodynamics.” 
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Fig. 7. 
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therefore give the compositions of liquid and 
solid in equilibrium vith each other at tliis 
temperature. Division III. represents similar 
equilibrium at a lov'er temperature, while 
ly. shows the curves below the 
melting-points, when the solid is 
the only stable phase. 

These four ?ni' diagrams can 
now be used to construct an wt 
or freezing-iDoint diagram, show'- 
ing the relation between com- 
. position and melting-point as in 
Division V. At the temperatures 
of II. and III. a liquid of com- 
position a is in equilibrium with 
a solid of composition and we 
j thus get two curves in Division V., 
the upper corresponding to the 
^ liquids and the lower to the solids 
in equilibrium with each other. 
These curves are called the liquidus 
and solidus respectively. 

When a liquid of composition 
m cools, solid of composition o 
appears when the liquid is at 
As the liquid varies in com- 
position from n to p, the sohd in equilibrium 
with it changes from o to q, at which latter 
point the whole system has become solid. 

Instead of cutting each other as in Fig. 7, 
the curves may first come into contact 
at an intermediate point as in Fig. 8. This 
glares mt curves as shown in Fig. 8, Division V. 
If the curves leave each other at a point 
as in Fig. 9, the mt diagram is as shown 
therein, while, if one curve suffers 
. a change in curvature as in Fig. 
V S thermodynamic potential 
between certain points is higher 
than it is at those points and the 
compositions between them are 
unstable, the crystals passing 
spontaneously into mixtures of 
the solid solutions represented by 
the points. The corresponding 
freezing-point diagram shows that 
at a temperature c a liquid of 
composition c is in equilibrium 
with solids of composition both d 
and e, no solid solutions of inter- 
mediate composition being stable. 
Between the two lines dJil and ehm^ 
we get mixtures of two solid solu- 
tions of compositions represented 
by points on those lines. 

We are now ready to elucidate 
some of the complex phenomena 
of solid solutions which have been dis- 
covered, especially in the case of alloys. 
The experimental investigation consists chiefly, 
firstly, in observations on the rate 
cooling, when, owing to the evolution of 
latent heat, a slowing down in the rate 
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of coohng marks a change of state whether 
from liquid to solid or from one solid to 
another ; and secondly, especially in the ease 
of alloys, in the microsco2)ic examination of 
polished surfaces of the solids 
which have been suddenly cooled 
from a definite temperature by 
chilling in cold water. By this 
chilling, the crystalline structure 
at the given temperature is fixed 
permanently, and it can then be 
examined at leisure. It is found 
that each land of element, com- 
pound, or solid solution has a 
characteristic crystalline struc- 
ture by which its presence can 
be detected and its appearance 
and disaj^pearance traced. 

Let us take as an example the 
work of Hoycock and Neville on 
the bronzes, that is, of alloys of 
copper and tin.^ Fig. 11 shows 
the equiUbrium curves from pure 
copper to an alloy containing 
80 atomic percentages of tin. 

Above the “ liquidus ” curve, 

ABCDEFGH, the alloys consist 
of a homogeneous liquid, and 
below the “ solidus ” curve, A6Z?»/E2E4TT"M, 
the whole mass is solid. But, oven in this 
solid mass, changes of structure go on when 
the conditions are altered. For instance, the 
two curves IK and E^X, which cut each 
other at X, enclose a region wliich represents 
homogeneous solid solutions of varying com- 
position. Along IK and E^’X, those solutions 
are in equilibrium with other solids which 


f 0 h k 



Atomic Per cents of Tin 



crystallise out when the mass is cooled slowly 
(as down the dotted line) so as to cut one of 
these curves. 

The meaning of the rest of the diagram is 
clear from what has already been said. The 
regions representing the different crystalline 
substances of definite composition a, fS, 7, 5, rj 
^ Trans. R.S. A, 1004 ccii. 1. 
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are marked 'with those letters, wliile the region 
in which /3 and 7 j(,>in in varying proportions 
to form solid solutions is marked ^y. 

§ (9) Tiiree-compoi^ent or Ternary Sys- 
tems. — The Phase Buie Equation, 


of Si in water he represented by A {Fig. 13). 
Similarly, let C and D represent saturated 
solutions of Si in water containing two 
different amounts of So. At P the amount of 
S2 is enough to saturate the liquid with 83 


E = 7 i- r-l-2, 

shows that, for three components (?i=3), to 
get a non- variant system, we must put r=5, 
that is, assemble five phases in equilibrium. 
If, as before, only one liquid and one vapour 
phase be possible, we shall want three distinct 
solids to complete our five phases. 

When no mixed crystals are formed, the 
sohds are invariable, and if also only one 
component be volatile, the liquid is the only 
variable phase. To express the composition 
of unit mass, we shall need to know the value 
of 72,-1 or 2 co-ordinates. Diagrammatic 
representation of the complete system, then, 


w 



would need a four-dimensional model. By 
taking the pressure constant, as is legitimate 
when dealing only with solids and liquids, 
we can reduce our four dimensions to a possible 
three, wliile by worldng at constant tempera- 
ture we can represent the equilibrium of three 
components on a plane diagram. 

In order to do tliis, we will use a method 
introduced by Gibbs. Points at the angles of 
an equilateral triangle are taken to represent 
the three components in a pure state. A point 
in any side then represents a mixture of two 
components, and a point P wdthin the triangle 
mixtures of three components, the amount of 
any one component being proportional to the 
distance of P from the side opposite to the 
angle representing that one component in a 
direction parallel to one of the other sides. 

Thus, to take as an example a system of 
water W and two salts and S2, the point P 
{Fig. 12) represents a solution of a;Si and 
2/82 in unit mass, the amount of water, 
1 - (a:Si+ 2/S2), being represented by PE or PG. 

Let the composition of a saturated solution 


w 



also, and here the solution is in equilibrium 
with both salts. For an isothermal system, 
P is an invariant point — the equilibrium is 
completely defined for the one temperature 
represented by the plane diagram. In the 
same way, the curve BEE represents liquids 
saturated with 83 in solutions of Si in water 


w 



of increasing concentration, and once more 
when we reach E the liquid is saturated with 
both salts. 

If the two salts form a compound double salt, 
its composition may be represented by a point 
D in the line SjSq {Fig. 14). Its saturation curve 
in solvents of varying composition will be some 
such line as CE, the liquid being also saturated 
•with Si at C, and with at E. These points, 
C and E, represent non-variant systems. 
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The phenomena of isothermal evaporation 
can be traced by following lines such as UFD, 
VLP, and XCG on the diagram. For instance, 
when we pass along UD, we start with an 
unsaturated solution prepared by dissolving 
the compound in water. At F it deposits 
crystals of pure S^, and the composition of 
the residual liquid passes along the curve 
from F to C, where the liquid is also saturated 
with the compound. Hence, in such cases, 
the compound is said to be decomposed 
by water,” though theory now shows us that 
such reactions depend on the thermodynamic 
relations of equilibrium between solid and 
liquid phases. By whatever form of words 
we describe the phenomena, our theory 
enables us to foretell the conditions necessary 
for the separation of one constituent salt from 
a solution of two salts or a double salt. 

Points between J and D represent complexes 



of both Si and the compound, in equilibrium 
vith the invariant solution C, and, if we 
enter the space PCE, as by evaporation of a 
liquid represented by V or X, the deposited 
Si will redissolve, and we shall get the com- 
pound double salt as the only solid. This, in 
its turn, will become mixed with crystals of 
pure S 2 if we pass into the space DESg. 

A somewhat similar diagram is obtained if 
either of the salts forms a solid hydrate with 
water. Its form is clear from what has been 
already said. The isotherm at 25° C. for water, 
sodium sulphate, and sodium chloride is given 
in Fig. 15. 

The effect of changes in temperature may 
be represented by superposing these isothermal 
diagrams one on the other. We thus get a 
three-dimensional triangular prism in which 
the whole phenomena may be set forth. 

§(10) Four- COMPONENT on Quaternary 
Systems. — When another or fourth component 
is present and -71 =4, even if we work at con- 


stant pressure and constant temperature, it 
wall need a three-dimensional model to repre- 
sent the composition of the liquid phase. This 



Fig. 16. 

can best be done by using a regular tetra- 
hedron, each of the faces being an equilateral 
triangle. Points on one face of the tetra- 
hedron represent systems containing the com- 
ponents represented by the three corners of 
that face, just as in the case of the ternary 
systems already considered, and points in- 


Nad 



side the tetrahedron correspond to systems 
containing also the fourth component. 

The tetrahedron may be drawn as a per- 
spective sketch or projection on the base of 
the tetrahedron, or it may bo imagined as 
standing on one edge, symmetrically about a 
vertical plane through that edge, and then be 
projected on a horizontal plane. We thus get 
a square, in which we can represent the system 
on a plane diagram. Figs. 16 and 17 show 
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tlie equilibria of water with sodium, copper, 
and barium chlorides by these two methods 
for a constant temperature of 30°, where the 
stable solid phases are NaCl, BaCla . 2H2O, and 
CuClg . 2H2O. The point g represents the iso- 
thermal invariant solution which is saturated 
at 30° Avith these three solids, the composition 
being 

NaCl BaCls CuClg H^O 

10*49 1*97 36-12 5142 per cent. 

When double salts, anhydrous or hydrated, 
are formed, more complicated diagrams of 
course result- 

Another type of quaternary system is given 
by mixtures of two salts vith no ion in 
common, such as potassium nitrate and 
sodium chloride. Here a double reaction 

KNO3 + NaCi y-^ NaNO. + KCI 

is possible, and, indeed, in solution the salts 
are ionised. Thus, from a liquid containing 

K, Na, NO3, and Cl any of the four possible 
salts may be deposited, Nevert-heless, since 
the equation given above describes the re- 
action, the concentration of one salt can be 
expressed in terms of the other three, and, 
with water, we still have only four independent 
oomponents. For instance, the amount of 
potassium nitrate is given by 

KNO3 = NaNOa + KG - NaCl. 

If the three salts KINO3, NaNO^, and K.C1 are 
represented by the three comers of the tri- 
angular base of a tetrahedron, the apex of 
which corresponds to water, solutions con- 
taining KNO3 will be represented by points 
having a negative value of NaCl, that is, points 
such as b lying beyond the side NaNOg, KCI 
of the triangle NaNOp, NaCl, KCI of Fig. 18. 
Instead of drawing this as an equilateral, it is 
better to make it a right-angled isosceles 
triangle as in the figure. The point repre- 
senting pure KNO3 will then, i£ all composi- 
tions are expressed in molecular proportions, 
be at the fourth corner of the square. 

The complete diagram of Fig. 18 represents 
the isotherms at four different temperatures. 
No hydrates or double salts appear, and the 
system is the simplest possible of its type. 

Let us make a practical use of this diagram 
to investigate the conditions in which we can 
make crystals of potassium nitrate from 
sodium nitrate and potassium chloride. The 
solution containing equimolecular amounts of 
these two salts will be represented by the 
middle point of the line joining them, i.e. by 
the point a, where the diagonals of the square 
intersect. It appears from the diagram that 
at 100° this point a lies within the surface 
between the axes meeting at the point marked 


NaCl, and the lines meeting each other at 
and P2. This surface represents solutions 
and solid NaCl, so that, if the liquid he 
evaporated at 100° from an unsaturated 
solution of sodium nitrate and potassium 
chloride in molecular proportions, it will first 
deposit sodium chloride. As the amount of 
this salt gets less, we recede more and more 
from the comer NaCl, that is, we pass along 
the diagonal through it. When we reach 
b the liquid becomes saturated also with 
potassium chloride. We must now stop the 
evaporation and filter off the sodium chloride. 
The liquid filtrate contains the salts in the 
proportions corresponding to the point b, and,, 
at temperatures below 50°, this point lies 
within the surface between the axes meeting 
at the point marked KNO3. the lines 
meeting each other at Pj and P^. This surface 
represents solutions mixed with potassium 



nitrate. By coohng the liquid, therefore, we 
deposit crystals of potassium nitrate. As the 
liquid loses that salt, we pass away from the 
comer EINO3 a-loiig the diagonal. Let us sup- 
pose the temperature has fallen to 0°. When 
we reach the point c, the solution becomes 
saturated with sodium chloride also, and the 
evaporation must be stopped, since we want 
pure potassium nitrate. 

§ (11) More Complex Systems. — The larger 
the number of independent components, the 
greater the difficulties both of experiment and 
also of graphical representations of results. 
With five components, however, much in- 
formation is available. 

At constant temperature and pressure, we 
still have four variables. But, if we leave out 
of our diagrams the constitution of the liquid 
phase as regards water, we can represent use- 
fully the relations of equilibrium for four salts 
dissolved therein. 

Instead of taking the salts themselves as 
components, we may take the ions instead. 
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A five-component system can either have four 
ions of one sign and one of the other, as, for 
instance, when four chlorides are present, or 
it may have three metals shared between two 
acid radicles. 

For the theory of these complex systems, 
and its apphcation to such practical problems 
as the separation of one salt from its mixture 
with several others, the reader is referred to 
Chbbens’ Principles of the Phase Theory (from 
which some of the diagrams in this article are 
taken), to Roozeboom’s Die heterogenen Gleich- 
geunchte vom Standpunhte der Phasenlehre, and 
to the many papers on the subject which 
will be found in the Zeitschrift fur physihalische 
Ghettiie and other chemical and physical 
journals. 


Pipe Ltn'E, Capacity op a. See “ Hydraulics,” 
§ ( 55 ). 

Pipe Lines, Losses in. See “ Hydraulics,” 
§ (25). 

PiTOT Tube. An instrument used for deter- 
mining the velocity of a fluid at a given 
point. See “ Friction,” § (11). 

Planck’s Constant and Theory op Tem- 
perature Radiation. See “ Thermo- 
dynamics,” § (58) ; “ Quantum Theory,” 

§ (1), Vol. IV. 

Planck’s Formula for the law of spectral 
radiation, 

- 1)-S 

specifies the distribution of thermal emission 
intensities in the spectrum of the radiation 
emitted by a uniformly heated enclosure. 
See “ Radiation, Determination of the 
Constants,” etc., I. § (1), Vol. IV. 

Planck’s Radiation Formula : the formula 
which gives the distribution of energy of 
radiation along the spectrum. It has the 
form SttAc 

where T is the absolute temperature, \ the 
wave-length of radiation considered, c the 
velocity of light, Ea the density of isotrojiic 
energy per unit wave-length, and k and 
h universal constants. See “ Radiation 
Theory,” § (6), Vol. IV. 

Planetary Theory, Application op Dyna- 
mcAL Similarity to. See “ Dynamical 
Similarity, The Principles of,” § (9). 

Plasters containing Gypsum : General 
Properties. See “ Elastic Constants, 
Determination of,” § (153). 

Platinum, Influence of Purity op, on 
Resistance Thermometers. See “ Resist- 
ance Thermometers,” § (6) (ii.). 

Platinum, Polished, Emissivity of, deter- 
mined by optical pyrometer. See “Pyro- 
metry. Optical,” § (22). 


Platinum, Specific Heat of, used as a 
secondary standard of temperature in the 
range above 500° C. See “ Temperature, 
Realisation of Absolute Scale of,” § (41) (i,). 

Platinum-metal Thermocouples, used as 
secondary standard of temiierature in 
range 100° to 500° and compared with gas- 
thermometers. Sec “ Temperature, Realisa- 
tion of Absolute Scale of,” § (36). 

Platinum Thermometer, Calibration of 
Box Coils and Bridge Wire of. See 
“Resistance Thermometers,” § (13). 

Platinum Thermometer Coil, Heating 
Effect of Current parsing through. 
See “ Resistance Thermometers,” § (9). 

Platinum Thermometers, Construction of. 
See “ Resistance Thermometers,” § (0). 

Pneumatic Gauges. See “ Motors : Liquid 
Level Indicators,” § (15), Vol. II L 

Poisson’s Ratio : 

Definition of : The ratio of the lateral 
contraction to the elongation produced 
by a simple tension. See “ Elasticity, 
Theory of,” § (4). 

Method of Direct Experimental Determina- 
tion. See “ Elastic Constants, Deter- 
mination of,” § (67). 

Tabulated Values of. See ibid. § (07), 
Table 25. 

Porous Plug Experiment, Joule and Tho bi- 
son’s. See “ Thermod}Tiamics,” § (12). 

Potential, Thermodynamic. Sec “ Thermo- 
d; 5 mamics,” § (51). 

Potentiometer : 

Hausrath, White, Dicsselhorst Typo of,' 
designed for the measurement of thermal 
E.M.F.’s so that thermoelectric oifects 
at brush contacts are reduced to a 
minimum. See “ Thermocouples,” § (13). 
Portable Deflection Type of : a ty})c of 
instrument for the measurement of 
thermal E.M.F.’s which occupies a 
position intermediate between the nul 
potentiometer and the moving coil 
deflection instrument. See ibid. § (15). 
Simple Circuit, a practical form for the 
measurement of thermal E.M.F.’s. See 
ibid. § (10). 

Suitable for the measurement of thermal 
E.M.F.’s. See ibid. § (0). 

For Thermoelectric Work, points nooding 
care in the installation of: (1) Elimina- 
tion of parasitic E.M.F.’s, (2) prevention 
of leakage into the potentiometer circuit 
from neighbouring lighting or furnaco 
circuits. See ibid. § (26), 

Vernier Forms of, designed by Thomson 
and Varley for resistance and cell com- 
parison work and modified for tlic 
measurement of thermal E.M.F.’s. See 
ibid. § (11). 
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PoTJiLLET Instrument for the comparison of 
gas-thermometers v.ith secondary standards 
of temperature in the range 500° to 1600°. 
See Temperature, Realisation of Absolute 
Scale of,” § (39) (ii.). 

Pressure, Ineluence of, on Thermal 
Expansion of Solids and Liquids. See 
“ Thermal Expansion,” § (13). 

PRESSURE, MEASUREIMENT OE 

§ (1) Introduction. — Pressure is defined as the 
force acting upon unit area, so that the 
problem of its measurement is resolved into 
the determination of the force acting upon 
a known area. In comparing any force 
with the gravitational force on a known 
mass, the value of the gravitational constant 
afiects the result so that a pressure gauge 
which determines the weight supported upon 
unit area will vary as the gravitational 
constant varies. On the other hand, if the 
pressure gauge measures the force by the 
elastic deformation of some body, its calibra- 
tion will be independent of the value of 
the gravitational constant. 

Pressure may also be measured by the 
effect produced upon some physical char- 
acteristics of a body, and this may be termed 
an indirect determination of pressure. Such 
gauges may or may not be capable of use as 
absolute standards. For example, the effect 


depends upon the accuracy required, the 
rapidity with which observations are to be 
made, and upon the variability of the pressure. 
The following paragraphs will describe the 
usual forms of gauge used in the following 
order : 

(i.) Primary static pressure gauges. 

(ii.) Secondary static pressure gauges. ■ 

(iii.) Gauges for measuring varying pressures, 
(iv.) Gauges for measuring very small differ- 
ences of pressure. 

All the types of pressure gauges described, 
with one exception, measure the difference 
between two pressures, and in most cases 
one of these is the pressure of the atmosphere. 
When this is the ease it is necessary to observe 
the barometric height at the time the observa- 
tions are made, and add the pressure of the 
atmosphere to the observed pressure in order 
to obtain the absolute pressure. The exception 
is the closed mercury column or compressed 
gas manometer (§ (6))- This manometer reads 
the ratio between the absolute pressure 
applied and the pressure at which the gas 
reservoir was originally filled. 

The different tjqies of pressure gauge are 
mentioned, but the descriptions are necessarily 
brief. References are, however, given which 
will supply fuller particulars when these are 
required. The relation between the more 
important pressure units is given in the 
following table : 


Table 


Conversion Factors for Pressure Scales 
(Correct to 1 part in 10,000 at 0° C., taking gr=:980-617) 



Lbs. /in.®. 

In. of 
Mercury. 

Atmo- 

spheres. 

]\Im. of 
Mercury. 

Kg. /cm.®. 

Dynes/cm.*. 

Lbs./in.* . 

1 

2-0300 

6-S04 xlO-® 

5-171x10 

7*031 X10“® 

0-394 xl0‘ 

In. of ^lercury 

4'912 xlO-i 

1 

3-342 X10-® 

2-540x10 

3-453 X10-® 

S-3S6 xlO* 

Atmospheres . 

1-4990x10 

2-992x10 

1 

7-000x10® 

1*0333 j 

1-0132x10* 

Mm. of Mercury 

1-9337x10“® 

3-937x10-* 

1-3158x10"® 

1 

1*3596X10"® 

1-3332x10® 

Kg./cm.= . 

1-42-23 X 10 

2-SOOxlO 

9-07S X 10"^ 

7-355x10® 

1 

9-806 xlO® 

Dynes/cm.® 

I'4o04xl0-® 

2-933 x 10-“ 

9-809 xlO"’ 

7-501x10-* 

1-OlOSxlO-® 

1 


of pressure upon the electrical resistance of 
a conductor may be used; but the data 
necessary for the calculation of the effect are 
in general insufficient to enable such a gauge 
to bo cahbrated except by comparison with 
another form of pressure gauge. A gauge in 
which the compression of a gas is utilised 
generally requires comparison with a standard 
gauge, not because the properties of gases 
have not been sufficiently examined, but 
because the elastic properties of the containing 
vessel are not sufficiently accurately known. 
The usual type of gauge utilising the elastic 
deformation of a body suffers from the same 
disability, since the elastic properties of metals 
are to a certain extent variable. 

The particular type of gauge adopted 


§ (2) Primary Manometers. — ^These mano- 
meters are such that they can be constructed 
and calibrated without reference to any other 
form of pressure gauge. The most common 
form is that in which a liquid column of 
known density is supported by the pressure 
to be measured. The calibration depends 
upon the determination of the density of the 
liquid and the provision of an accurate scale 
of length. The corrections that may he 
necessary for the height of the meniscus 
capillarity and change of density with pressure 
can be applied from the physical properties of 
the liquid used, which properties are generally 
known. 

The second class of primary manometer is 
the loaded piston, in which the actual pressure 
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upon a small piston is weighed. This gauge 
depends only upon the accurate measurement 
of piston and cylinder and upon the accuracy 
of the weights used. Some gauges mentioned 
in this section as primary gauges require 
comparison with another standard in order 
to obtain the highest accuracy. As an 
example the closed mercury column requires 
correction for the deformation of the vessel 
containing the gas, which deformation may 
cause errors in the volume calibration ; and the 
loaded piston gauge, in which the load is 
applied by a spring, requires at least a separate 
calibration of the compression of the spring 
which cannot be accurately calculated from 
its dimensions. In both these cases it may 
be more convenient to calibrate by comparison 
with an open column or dead weight piston 
gauge than to determine the unknown quanti- 
ties independently. They are treated, how- 
ever, in this section owing 
to their similarity to the 
other types of gauge here 
described. 

§ (3) Open Liquid 
Columns, — If the differ- 
ence in height between the 
top of a column of liquid 
open to the atmosphere 
and the surface subjected 
to the pressure is observed, 
the pressure above the 
atmospheric pressure can 
be determined when the 
density of the column at 
every point is known. 
Whatever the liquid em- 
ployed the temperature 
must be observed, in 
order to determine the mean density, and 
a correction must be made for the meniscus 
at the top of the column, and for the 
temperature of the scale used. For small 
pressures the liquid employed is geheraUy 
water, and the simplest form is that used 
for measuring the pressure in gas mains or 
the pressure in the bellows of an organ. The 
gauge can be constructed in a few minutes, 
since it consists of a piece of glass tubing A 
{Fig. 1) fixed to a board B, with a scale C 
capable of small adjustment vertically. The 
pressure is represented by the difference in 
height between the two columns of liquid, and 
if the pressure is stationary the meniscus will 
be similar in each tube, so that no correction 
is required, provided that a similar part of 
the meniscus is observed in each case. The 
scale is usually marked in half -size units, so 
that w'hen it is set to read zero for zero 
pressure, the pressure is determined by the 
reading of either column without reference to 
the other. It must be noted that if the zero 
is set to the top of the meniscus, the top of 



the meniscus must be observed in all other 
observations, and similarly for other settings 
of the zero. 


In practice the unit of pressure used is the 
unit of height of the column ; for example, an 
organ-builder speaks of the “ weight ” of the 
wind being 4 inches of water, meaning that a 


gauge of this type, filled 
with water, shows 4 inches 
difference in height be- 
tween the two columns; 
and the Board of Trade 
regulations state that a 
gas company must supply 
gas to its customers at a 
pressure of at least 
inches of water. One inch 
of water corresponds to 
-036 lb. per square inch 
approximately, the exact 
figure depending upon the 
temperature of the water. 

This gauge must- be in 
a truly vertical position 
when in use, otherwise the 
reading will be incorrect. 
If the gauge is set to 
zero correctly and after- 
wards becomes tilted at an 
angle a from the vertical, 
the true pressure height 
A = H cos a->rd tan a, where 
H is the difference of read- 
ing on the scales and d 
the distance between the 
tubes. If the scale lines 
are marked at right angles 
to the tubes the zero can- 
not be set unless the gauge 
is vertical, for any tilt 
shows the error d -ban a, 
by the difference of head 
when the pressure is re- 
moved. 

For higher pressures 
the only suitable liquid is 
mercury, and a column of 
mercury is usually em- 
ployed by makers of gauges 



as their absolute standard Fig. 2. 


of pressure up to 300 or 

450 lbs. per square inch (20-30 atmospheres). 

An exceptionally high mercury column has 

been installed upon the Eiffel Tower at 

Paris. 


A similar construction can be employed to 
that described above, and for pressures up 
to one atmosphere this is often adopted. 
For larger pressures it is usual to employ one 
column and a large reservoir for the mercury 
at the bottom. Fig. 2 shows a mcrcxiry 
column of ordinary construction for measur- 
ing pressures to 200 lbs. per square inch, or 
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14 atmospheres. A is the reservoir for the j 
mercury and B a small gauge glass for indicat- 
ing the level in the resei-voir. C is the column, 
D joints in the column, and E the scales, and 
F the board upon which the parts are fixed, 
and which itself must be firijily fixed to a 
vertical waU. Glass tubing suitable for the 
purpose can be purchased in 10-ft. lengths, 
but these have to be carefully selected, since 
the majoiity of tubes are not suthciently 
. « straight. A joint such as t) 

i occurs at every 10 feet, and it is 

I a great drawback to the usual 

construction that a certain piece 
of the column cannot be observed 
at each joint. This can be over- 
come at considerable expense by 
duplicating the tube, providing a 
second column from the same 
reservoir with the joints in posi- 
tions differing from those in the 
first column. Another and better 
way is to construct the tube as 
shown in Fig. 3, where the main 
tube C is of steel, and at each 
joint a valve V is provided, allow- 
ing the mercury to flow into a 
glass tube G alongside, which is 
provided with a scale E. When 
one tube is full, the valve is 
closed and the readmgs for higher 
pressures obtained in the next 
tube above. Each tube overlaps 
the one above, so that the scale 
readings can be checked. It is 
more expensive than the usual 
form, and requires a double 
quantity of mercury, while 
provision must be made for 
- r-^ catching the overflow from 
njlLR aU the gauge glasses if the 
pressure is accidentally 
raised to too great an ex- 


Eig. 3. ; hut the convenience 

of being able to obtain con- 
tinuous readings and the less cost of replacing 
a broken gauge glass compensate for the extra 
cost of construction. 

The best fluid for applying the pressure 
to the column is air, owing to its cleanliness, 
and also because a very small correction for 
the height of the air column above the liquid 
is required. The air should be contained in 
a gas bottle provided with a valve capable 
of very Jfine adjustment. However slightly 
the valve is opened, the pressure will gradually 
rise to the pressure in the bottle, so that when 
the desired pressure is reached the valve must 
bo completely closed. When the column is 
used for calibrating other pressure gauges, it 
is advisable to provide a small leak valve, 
capable of fine adjustment, and to keep the 
pressure valve slightly open. When the 


column reaches the desired height, the leak 
valve is carefully opened to a small extent, 
and the pressure can thus be kept perfectly 
constant while observations are made. The 
inertia of a column of mercury is very 
considerable, so that it is not possible to 
obtain accurate readings while it is in 
motion. 

An attachment, which is seldom fitted, is a 
means of lowering the mercury below the zero 
point when the apparatus is to be left out 
of use for some time. There is a definite 
chemical action of the mercury on the glass 
which causes the glass to become clouded at 
the surface of the mercury after a time, and 
this rapidly prevents the position of the zero 
being observed. It is always necessary to 
check the zero level in the colunm and in the 
reservoir, since this depends upon the quantity 
of mercury present. One method of preserv- 
ing clearness at this position is to leave the 
column with a small pressure, say J atmosphere 
in at aU times, so that the clouded positions 
are clear of the zero points. 

It is an advantage to have all the tubes of 
the colunm of the same size, and a reservoir 
of uniform section ; for the depression of the 
zero is then proportional to the height, and 
an observation of the level in the reservoir is 
unnecessary at every reading. The reservoir 
being much larger than the tube, the meniscus 
in the reservoir is different from that in the 
tube. The reservoir is always so large that 
no correction is required for the height of the 
meniscus ; but the gauge glass showing the 
level in the reservoir is invariably so small 
that the correction for the meniscus is greater 
than for the column tube. If, however, the 
column is always used for stationary pressure 
and the zero is set for definite positions on the 
meniscus in both tubes, no error occurs if aU 
readings are taken at the same position of 
each meniscus. If the column is in motion, 
even to a small extent, an error is introduced, 
for one meniscus is flattened and the other 
raised by the motion. The amount of this 
error can be determined by taking observations 
with the pressure rising slowly and then with 
the pressure falling slowly. With the ordinary 
size of tube (10 mm.) and a movement of 
1 cm. per minute, the difference will be found 
to be about 2 mm. 

The height of the meniscus is determined 
by the size of the tube and by the condition 
of the surface of the walls. It is advis- 
able to use as large a tube as possible, 
but the larger the tube the greater the 
inertia of the column, which in some cases 
is a disadvantage. In any case, whether 
the tube is large or small, time taken in the 
careful cleaning of the walls of the tubes is 
well spent. 

1 In most cases a mercury column is erected 
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passing through several floors of a building, 
and the temperature varies greatly as different 
parts. The temperature can be equalised to a 
certain extent by forcing the mercury to the 
top several times and allowing it to fall 
rapidly in order to mix the mercury up in 
the reservoir. The temperature of the mer- 
cury in the reservoir can then he taken as 
representing the mean temperature of the 
column. The scale is generally constructed 
of steel, and ff the scale is correct at 6^° C. 
the divisions will he larger as the temperature 
increases and will compensate in a small 
degree the change in density of the mercury. 
Thus the reading reduced to 6^° C. wfll be 
H(pi //)2 - <^{^ 2 . “ ^i))i where H is the observed 
height^ Ps the density of mercury at tempera- 
ture Pi the density at the standard 

temperature dj°, and a the coefficient of 
expansion of the scale. At ordinary room 
temperatures the simple expression 

• Hi =H 2 { 1 - (- 0001818 -a)(^ 2 ~^i)} 

may be used to give the corrected height Hi 
at the standard temperature 6^. In order to 
obtain great accuracy the whole column and 
scale should be enclosed in a water hath 
kept at constant temperature ; but this is 
not convenient except in the case of very 
short columns. 

The difficulties experienced in the use of 
columns are : (1) the correction for tempera- 
ture; (2) the meniscus correction; (3) the 
inertia of the column when the pressure 
changes ; and (4) the elimination of parallax 
errors in reading off the levels. 

The first of these has been dealt with, and 
the meniscus correction when necessary can 
he made from the tables of capfilarity de- 
pression. The error due to a moving column 
cannot be exactly allowed for; so that for 
great accuracy a steady pressure must be 
maintained. The parallax error makes it 
necessary that a lift be provided to carry the 
observer to the exact height required. Even 
then great care and experience is required to 
avoid small errors of this kind. 

The error due to parallax can be completely 
avoided by dividing the scale on a piece of 
silvered glass and placing it behind the column. 
The surface of the mercury and its reflection 
together with the nearest scale division and 
its reflection can then be made coincident. 
The first impression of such a scale is a con- 
fused mass of lines, but a few minutes’ practice 
enables an observer to place his eye in the 
position to obtain the necessary coincidences 
of lines and reflections. These scales are 
easily made vith a dividing engine, either by 
ruling the lines with a diamond or by coating 
the glass with wax in which the lines are cut 
with steel tool and then etching the glass. 
When the lines are cut with a diamond it 


is unwise to cut up to the edges of the 
glass or fracture may easily occur. Etched 
lines can be carried to the edge since the 
etched line is not so sharp as the diamond 
scratch. 

When a mercury column is required to give 
certain definite pressure readings only it can 
be made with a steel containing tube into the 
waUs of which insulatmg plugs each carrying 
a platinum wire are inserted. These platinum 
wires then act as contacts which by com- 
pleting an electric circuit indicate when that 
particular height is reached. This arrange- 
ment is very convenient for marking off tho 
dials of pressure gauges in numbers, the cur- 
rent operating a magnet which marks the 
position of the index hands on the dials and 
at the same time operating a mechanical 
switch which cuts out the circuit and makes 
the circuit of the contact next above. In 
this case the pressure is generally kept slowly 
increasing, the error due to the inertia of the 
mercury in the column not being of importance 
in the marking of gauges for general use. 

In calculating the total pressure duo to a 
colunm of liquid it is clear that tho total 
volume of mercury is not defined by the height 
to the top of the meniscus or the height to 
the bottom of the meniscus. That is to say, 
the volume of the meniscus should be allowed 
for. The meniscus height depends upon the 
condition of the surface of tlic glass and the 
bore of the tube. 

A further correction is needed for tho 
capillarity of tho tube which occurs with the 
liquid employed. If tho liquid wets the glass, 
as in the case of water or oil, the liquid stands 
too high and a negative correction is required 
for the capillarity. If, on tho other hand, a 
liquid such as mercury is used, which docs not 
wet the glass, a positive correction for the 
capillarity is required, tho liquid standing at 
too low a level. 

It is, in most cases, possible to avoid all 
corrections of this kind, for if the gaiige glass 
is of uniform .section and cleanliness, the 
correction will be constant, and if tho same 
portion of the meniscus is observed at all times 
the correction is eliminated. 

In any mercury colunm tlxo joints between 
the lengths of glass tubes require careful 
making. Tho stuffing boxes for tho tubes 
are generally packed with india-rubber rings, 
which prove quite successful. All metal 
fittings must, of course, he of iron or steel, 
and if joints arc required between such pieces, 
care must be taken that tho jointing material 
does not break away on tho inside, all such 
pieces of dirt floating to the top of tho column 
and spoiling tho surface of tho mercury. 
Plane-faced metal joints can bo used, but 
require considerable mechanical skill in manu- 
facture. A metal cone joint can be used 
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without packing. If packed joints are used, 
a plain piece of paper, or paper soaked in 
gold size, is satisfactory. In the latter case, 
the gold size must be allowed to set hard 
before the mercury is introduced. A spigoted 
joint with a paper 
ring can be made 
perfectly satis- 
factory for any 
reasonable press- 
ure (see Fig. 4). 
Valves must be 
designed so that 
no air-pockets can 
be formed in the 
column of liquid. Mercury column tubes should 
not be less than 1 cm. bore. Although the 
initial cost of the mercury is increased by 
increasing the bore, yet the saving due to the 
ease of cleaning and the greater convenience 
due to the smaller meniscus compensate for 
the greater initial cost. 

§ (4) Mtjltiple Liquid Columns. — ^In most 
laboratories it is not convenient to erect an 
open mercury manometer for more than 
about 20 atmospheres owning to the height 
required. For higher pressures three methods 
of reducing the height of the column can be 
used : (1) A series of mercury columns with 
compressed gas between them ; (2) a compound 
mercury column with a series of U tubes filled 
partly with mercury and partly with a less 
dense liquid ; (3) a closed mercury column or 
compressed gas manometer. 

A Series of Mercury Columns A — This form 
of gauge has been constructed by Professor 
Kammerlingh-Onnes at Leiden University, 
the maximum pressure available being 100 
atmospheres. The principle of this gauge is 
shown in Fig. 5, where 
1, 2, and 3 are mercury 
manometers of the 
usual type and which 
need not be of the same 
height. The pressure 
is applied to the left- 
hand tube of 1 and -will 
force the mercury up 
in the right-hand tube 
which will compress 
the air between A and 
B. The total pressure 
at the left hand of 1 
will be the sum of the differences of height 
of the mercury in the series of U tubes. The 
compression of the air in the intermediate 
parts of the tube would, however, be so great 
that a small part only of the total range of 
every syphon except the first could be utilised. 
This difficulty is obviated by admitting air 
at high pressure to the intermediate spaces 

' Communications from the Ph^'-sical Laboratory 
of the University of Leiden, No. 44, 1898. 


until the maximum difference in height be- 
tween the mercury columns in the various 
syphons is obtained. The pressure of the air 
in each column varies, but all the spaces can 
be filled to the required amount from a high- 
pressure gas bottle and a reducing valve. 
There is a correction to be applied for the 
weight of the air column in each tube, which 
correction can easily be estimated since the. 
pressure in each space is known. 

Fig. 6 shows the end manometer and three 
intermediate manometers of the Kammer- 
lingh-Onnes gauge. Each intermediate mano- 
meter is used to read a pressure difference 
of four atmospheres while subdivisions of 
this pressure are read upon the left-hand 
manometer. The whole gauge contains 24 
intermediate syphons like B, one end syphon 



A and also a small syphon for final adjust- 
ment reading ± 2 atmospheres. The whole is 
mounted upon the wall of the laboratory and 
the control valves placed at a convenient 
height. The large portions of tubes B are 
made of suitable thickness to withstand the 
maximum pressure reached in them and the 
bore varies from 6| to 9 mm. according to the 
pressure. The observer is further protected 
from hurt if a tube bursts by a screen of 
plate glass. The capillary connecting tubes 
are small and strong enough to stand any 
reasonable pressure. To obtain an obser- 
vation the level of the mercury in the various 
bulbs of tubes B is adjusted as nearly as 
possible to four atmospheres for each tube and 
the subdivision measured on a scale by the 
tube A. When filled with hydrogen, the 
correction for the head of the gas column 
amounts to 9 mm. for a pressure of 36,000 mm. 
of mercury and to 21 mm. for a head of 
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76,000 mm. The correction is thus small and 
the accuracy with which a large pressure can 
be read is very great. Care is req^uired in the 
cleaning of the tubes and drying of the gas 
used and the adjustment to any desired 
pressure is a tedious process, but the accuracy 
of the readings is probably far greater than 
can be usefully employed. 

§ (5) CoMPomo) Mercury Column. — ^In this 
gauge the intermediate spaces between the 
mercury columns are filled with a less dense 
liquid which compresses but slightly and the 
adjustment of the volume of hquid in the 
spaces is unnecessary. A compact form of 
this gauge is shown in Fig. 7, where the U 
tubes A are made up of straight glass tubes 
and metal joint boxes, arranged diagonally 




so that the upper column appears on the one 
side of the apparatus and the lower column 
of each tube on the other side. Each tube is 
10 feet long so that each syphon gives a pressure 
of approximately four atmospheres. A number 
of valves V are provided, those at the top for 
fiUing the upper part of the columns with 
air-free oil or water and those at the bottom 
for adjusting aU the mercury columns to the 
same height at zero pressure. The number 
of syphons in use is varied by opening the 
valve V at the top of the last column to be 
used. If n columns are in use the total 
pressure P— Tzp where y) is the pressure read 
by each separate syphon. A correction must 
be applied for the compressibility of the oil 
or water used and the need for the correc- 
tion is shown by the variation in the height 
differences in the syphons. Two measuring 
microscopes M are provided, one on each side 
of the apparatus. The adjustable frames 
carrying these are adjusted to the height 


required and the difference in the columns 
read off by means of an eyepiece micrometer. 

The value of the height readings of a com- 
pound mercury column in units of mercury 
can be represented by H— A(1 -p^lPi) where h 
is the observed height, the density of 
mercury, and pg density of the liquid. 
The ratio pjpi will vary at different pressures 
because the compressibilities are not identical. 
The mean density for the whole column will 
be one half the maximum density and the 
compressibility of mercury cannot be neglected 
at high pressures if great accuracy is required. 

An open mercury column of great height 
must be corrected for the mean density of 
the mercury. The compressibility of mercury 
is 3*76 X 10 per atmosphere, so that the 
observed height should bo multiplied by the 
following constant at the pressures stated : 


Pressure in 
Atmospheres. 

Multiplier. 

20 

1-000038 

50 

1-000094 

100 

1-000188 

150 

1-000282 


The correction amounts to 3 parts in 
10,000 at 150 atmospheres, a quantity which 
is negligible for most work. 

The compressibility of the second liquid 
used in a compound column is more than that 
of mercury and the true height in mercury of 
standard density is 

H=A{l-fe(l + P(Oa-Ci)} 

very nearly. Where A is the pressure in 
atmospheres and C\, C 2 the compressibility 
of mercury and the liquid respectively. 

The following table gives the value of H//i 
for compound columns filled with (1) mercury 
and water, and (2) mercury and olive oil. 

Densities at 15° C -water 0-9991 ; olive 
oil 0-92 ; mercury 13-558. Compressibilities 
per atmosphere - water 49-5x10”®; olive oil 
63-3 X 10”® ; mercury 3-76 x 10”®. 


Pressure. 

H 

h‘ 

H 

h' 

0 

-92G32 

•93229 

50 

-92623 

•93219 

100 

-92G14 

•93200 

150 

•92605 

•93199 


From the table above it will be seen that 
for pressures up to 150 atmospheres the 
multiplier is constant to 1 part in 1000, and 
that it is only for much larger pressures or 
for a higher order of accuracy that the com- 
pressibility is of great importance. 

It must bo noticed that it is assumed in 
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the above that all the mercury surfaces are 
covered with the second liquid. This need not 
be the case in the first and last tubes ; for 
the last may be open to the atmosphere and 
the first to the pressure supply which may be 
a gas. When several tubes are in use, how- 
ever, the error produced (which can be allowed 
for if necessary) is very small. 

The following table gives the constant of 
a compound gauge of mercury and the other 
liquids mentioned. The values H/A are for 
atmospheric pressure, but the compressibility 
is given so that the constant at other press- 
ures can be calculated as shown above. 

Table of Densities and Compressibilities 
OF Liquids 


Liquid. 

Density (15°). 

h- 

Compressi- 
bility per 
Atmosphere. 

Alcoliol(Ethyl) 

■792 

•9416 

77 X 10-6 

C’hlorofomi 

1-525(0°C.) 

•8876 

9-5x 10-6 

Glycerine 

1-26 

•9071 

25 X 10-6 

Mercury . 

13-558 

1 

3-76x10-6 

Olive Oil . 

1 -92 

•9323 ! 

63-3x10-6 

Paraffin . 

•80 

•9410 

62-7x10-6 

Water f , 

•9991 

•9263 

49-5 X 10-6 


I at about 15“ G and 


^ density of liquiil N , 

7i V ^ density of mercury/ ‘ 
atmospheric pressure. 

t The compressibility of water falls as the pressure 
rises. At 1000 atmospheres it is about 37xl0-«, 
and at 2500 atmospheres about 26 >: 10-“. The 
figures given for all substances will be found suffi- 
ciently correct for pressures to 200 atmospheres. 


§ (6) Closed Mercxjey Column or Com- 
pressed Gas Manometer. — In this gauge 
the compression of the gas is the measure of 
the pressure and the mercury 
column is used as an indication 
of the volume of the gas. In 
Fig. 8, A is a strong vessel of 
steel in which is fixed a glass 
vessel B, the upper end of 
which is a tube protruding 
from A through a stufiSng box. 
At the lower end of B is a 
small curved tube filled with 
mercury and acting as a seal 
to prevent loss of the gas en- 
closed in B. The upper part 
of B is graduated and the 
volume from the top to each 
graduation and the whole 
volume must be determined. 
The vessel A is filled with 
sufficient mercury to reach 
above the small tube at the bottom of B and 
to fill the tube B. When pressure is applied to 
the mercury in A, it enters the tube B and 
compresses tho gas into the upper graduated 
end. No reading can be taken until the gas 
is sufficiently compressed for the mercury to 



Fig. 8. 


appear in the exposed part of the tube. The 
volumes of the lower part and tube must be 
arranged so that for the range of pressure 
desired the mercury can be seen in the tube. 
It is sometimes necessary to add a bulb at 
the top of the tube for this reason. 

If the gas obeys Boyle’s law and is com- 
pressed at constant temperature, the pressure 
in atmospheres is given by P=Vj^/V, where 
is the volume of gas at a pressure of one 
atmosphere and V is the observed volume. 
The manometer is best filled with hydrogen 
for which gas the departure from Boyle’s law 
can be represented by a simple expression, 
and P=l/{(V/Vi) --00068} atmospheres. 

The correction for temperature is somewhat 
difficult and should be eliminated by immers- 
ing the apparatus in a bath at constant tem- 
perature. The height of the column of mercury 
varies with the pressure and must be added 
to the pressure obtained above. 

This gauge is not capable of very accurate 
observations over a large range since tho 
scale length is limited, but the gauge is fairly 
compact, and if proper care is taken in the 
measurement of the volumes, in filling with 
pure and dry gas, and in keeping the tem- 
perature constant, it is a reliable primary 
gauge. 

§ (7) Loaded Piston Pressure Gauges. — 
In these gauges a piston of known area is 
loaded with a measured weight from which 
the pressure acting upon unit area of the 
piston can be calculated. For this purpose 
it is necessary to construct a cylinder and 
closely fitting piston, free from friction and 
leakage. The load is sometimes stationary 
and applied by a lever to the top of the piston, 
a pivot or ball being used to reduce the 
friction when the piston is rotated. The 
rotation of the piston is necessary in order 
to reduce the friction. The friction is further 
reduced if the load is allowed to revolve with 
the piston, which eliminates the frictional 
loss behind the point of the piston This 
friction does not directly influence the pressure 
measurement but increases the power required 
to maintain the rotation of the piston. In 
order to obtain accurate measurements, it is 
advisable to have no rotating force beyond 
the inertia of the piston and load while 
making observations. The pressure is pro- 
portional to the load and inversely propor- 
tional to the area of the piston, so that for 
high pressures the load must he very large 
or else the area must be very small. If the 
area of the piston is small it may not be strong 
enough to support the load, but on the other 
hand, if the load is large the instrument 
becomes unwieldy and slow in operation. 

This difficulty has led to the construction of 
differential pistons in which the pressure is 
applied between two pistons of slightly different 




630 


PRESSURE, MEASUREMENT OF 


area, and in one case afc least the gauge has 
been constructed with the weight hanging on 
the piston, thus putting it in tension instead 
of compression. This arrangement gives two 
leakage areas instead of one, which is a 
disadvantage. 

Several types of this gauge are shown in 
Fig. 9. (a) shows the simplest form in which 
the piston is in compression, and must he made 



stiff enough to withstand the load. A is the 
cylinder, B the piston, and C the load, and it 
is clear that the piston and load can be rotated 
without any difficulty. (6) is a similar gauge 
loaded by means of a lever E. A baU bearing 
should be interposed between the pivot and 
the piston so that the latter can be freely 
rotated. This form generally requires that the 
piston be mechanically rotated continuously, 
which shghtly reduces the sensitivity, (c) 
shows a similar gauge loaded with a spring 
Cl and has some disadvantages in that the 
spring must be accurately calibrated and, unless 
its motion is greatly magnified, gives a very 
short scale. It also requires a much longer 
piston than the other patterns, and this long 
piston must be of uniform area, (d) shows a 
differential piston in which the pressure is 
applied to the piston Bi working in cylinder 
Ai and transmitted to piston B3 in cylinder 
Ag, the pressure on which may he measured 
by a mercury column or other means. This 
gauge has two leakage surfaces, and the two 
pistons must he perfectly in Une. Some 
complication is needed to obtain the desired 
rotation of the pistons, (e) shows a differential 
gauge in which the piston is turned to two 
diameters, Bi and Bo, so that the effective area 
is the difference between the areas of the two 
parts. This arrangement allows the piston to 
be put in tension instead of compression, and 
since the effective area may he very small, 
tile load may be very small for a large pressure. 
It requires very accurate workmanship to keep 


the two parts of the piston and of the cylinder 
truly axial, it has two leakage surfaces, and 
requires extreme accuracy in the measure- 
ment of the piston diameters to keep the 
difference reasonably accurate. (f) is an 
inverted form of (e), which lias been used 
with some success for pressures up to 3 tons 
per square inch, but since the pistons cannot 
be rotated, a small oscillation of less than 
120° being possible, the gauge is not at all 
sensitive. 

Of all these types (a) is the best, being the 
easiest to construct and suitable for the highest 
pressures if care is taken in manufacture. It 
is also an extremely sensitive gauge, and in 
ordinary work will measure pressures more 
quicldy than a mercury manometer and with 
equal accuracy. It is not possible to make 
this gauge very sensitive for pressures below 
4 atmospheres, however, and for pressures up 
to this a mercury manometer is better. 

The type of gauge to be described is that 
which has proved most accurate and sensitive, 
and is in use for measuring pressures from 
30 lbs. to 24,000 lbs. per sq. in. It consists 
of a plain ground piston of hardened steel, 
fitting a lapped hole in a steel cylinder. The 
motion of the piston for the small sizes is 
restricted to | in. in order to reduce the length, 
since the intensity of stress is very high under 
high pressure. The pistons vary in size from 
0-2 sq. in. for measuring pressures up to 
1200 lbs. sq. in. (80 atmos.) to 0*01 sq. in. 



for pressures up to 24,000 lbs. sq. in. {U)00 
atmos.). The largest one will measure press- 
ures as low as 30 lbs. sq. in. (2 atmos. with 
fair sensitivity). 

Fig. 10 shows the details of instrument. A 
is the piston provided with a button at the 
lower end to prevent it from leaving the 
cylinder, and a separate head fixed to the 
piston by a grub screw. B is the cylinder 
turned out of a piece of tool steel and mounted 
on column G of mild steel attached to the 
test apparatus. The spherical head of the 
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piston is slotted on one side and carries a 
brass or aluminium tubular frame D with a 
ledge at the lower end. The head of the 
frame has a small pin E entering the slot in 
the spherical head of the piston, and thus 
ensuring that frame and piston rotate together. 
The load consists of annular weights of cast 
iron passing over the frame and resting on the 
ledge. Openings are made in the upper part 
of the frame, so that the position of the piston 
can be observed. 

Theinstrument is very simple in construction, 
and the only difficulty in manufacture is the 
grinding of the piston and lapping out of the 
cylinder. The part of the piston working 
within the cylinder must be parallel, and it is 
advisable to have it of exact size, so that the 
area may be a simple fraction of an inch. 
‘The weights are then carefully calibrated 
weights of standard values, and no correc- 
tion factors are needed. The smallest piston 
referred to above is -11286 of an inch in 
diameter, and for all the working part of the 
piston this piston is circular and parallel, but 
it is not easy to make the piston to this 
accuracy, since the last figure is not measurable 
by any but measuring machines of the highest 
accuracy. The piston in question was one of 
two which were made together and gradually 
reduced to size by cautious lapping until the 
figure required was obtained. The second one, 
which was rejected, varied but little from 
•11286 and would have been accurate enough 
for any ordinary work, but not for a standard 
of pressure. The cylinder was lapped out untd 
the piston could just slide in by pushing, but 
without driving. The cylinder cannot be 
measured directly, and would be assumed to 
bo the same size as the piston, which fitted it 
thus tightly. An attempt was made to measure 
it by driving a very soft copper plug into it 
and then measuring the plug. The plug was 
found to measure -11286 of an inch, or the 
same measurement as the piston. The leakage 
from these pistons is found to be exceedingly 
small, and the friction is also very small. If 
the piston is rotated with, say, 100 lbs. upon 
it, it will continue in motion for some ten 
minutes, during which time the pressure 
remains constant. This has been examined 
by means of an ordinary pressure gauge, 
with a microscope adjusted to show any 
movement of the hand. With a pressure of 
20,000 lbs. per sq. in. it was found that 
the hand of the gauge remained stationary 
while the piston was rotating, but sharply 
took a new and definite position on the 
addition of 0-01 lb. to the load, equivalent 
to 1 lb. per sq. in. 

A gauge of this kind must work with oil, 
as the lubricant for the piston, and if the oil 
is at all acid, corrosion of piston and cylinder 
will take place, thus altermg their dimensions. 


The best oil has been found to be the tasteless 
castor oil sold for medicinal purposes. The 
oil must be freed from air, otherwise the 
sensitivity of the gauge is reduced very con- 
siderably and it is very difficult to get the 
minute oil bubbles out of the castor oil used. 
In time, however, the air bubbles gradually 
leak out through the piston, and although the 
sensitivity may be .small when the gauge is 
freshly filled, if a high pressure is kept on for 
a few hours and the piston kept rotating, the 
air bubbles will be removed and the sensitivity 
increased. 

For use on pressure gauge testers which are 
filled with water a syphon arrangement must 
be used in order to keep the water away from 
the piston. 

The elective area of the piston may be 
altered by the strain of the piston and cylinder 
under very high pressure. The piston is 
subject to constant compression axially, and 
to varying compression radially, whfie the 
cylinder is enlarged by the internal pressure 
varying from the full pressure at the bottom 
to, zero at the top, and also to axial stresses 
varying according to the manner of fixing. 
The effective area of the small piston referred 
to above is calculated to be one part in 10,000 
more at 20,000 lbs. per sq. in. than at small 
pressures. 

Gauges of this type have been constructed 
by Mr. Bridgman of still smaller diameter and 
for measuring higher pressures.^ The pistons 
of these gauges were very small and were not 
specially ground to fit, suitable pieces of hard 
steel wire being selected. To reduce the 
leakage, the fluid used was a mixture . of 
molasses and oil. 

§ (8) Secokdaby Manometers. — These 
gauges must be calibrated by comparison with 
a primary gauge, since the properties upon 
which they depend cannot be determined 
with sufficient accuracy to enable their true 
calibration to be calculated. Most gauges of 
this type depend upon the elastic deformation 
of some metal part, and it is often possible to 
copy the dimensions adopted for a calibrated 
gauge in order to reproduce similar gauges 
having the same cahbration. 

The types of gauge described later for 
determining the maximum pressure to which 
they have been subjected are generally cali- 
brated by comparison with a primary gauge 
or a calibrated secondary gauge, although 
those depending upon the reduction in volume 
of a confined volume of air are capable of 
construction as primary standards. The 
difficulty of determining the volumes and the 
deformation of the envelopes makes it a more 
practical matter to obtain the calibration by 
comparison with another type of gauge. The 
methods of measurement mentioned in this 
* Am. Acad. Proc., 1909 - 10 , xliv. 8. 
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chapter are those chiefly used, but there are 
many other properties of materials which 
might be utilised for the purpose under special 
circumstances. 

§ (9) Elastic Gauges. — The majority of 
pressure gauges used belong to this type and 
depend upon the elastic properties of some 
metal part. In all cases it is most important 
that the elastic limit of the material is not 
approached, since this will lead to a continual 
change in the zero of the gauge. They aU 
show a certain “ hysteresis ” effect in that the 
calibration as the pressure increases does not 
agree with the calibration as the pressure 
decreases. This effect is small if the maximum 
stress in the material is small. A small stress 
necessarily entails a small strain and con- 
sequently the actual motion produced has to 
be magnified by mechanical or other means 
in order to obtain a readable scale. The 
mechanism employed for the magnification 
of the motion introduces errors in the readings 
due to friction and general slackness of the 
parts. The errors arising from this cause are 
often greater than errors produced by imper- 
fections in the elasticity of the deformed 
member. For special purposes it is always 
possible to obtain a more accurate gauge by 
dispensing with the mechanism and using an 
optical lever system. The great advantages of 
elastic gauges, however, are their compactness, 
portability, and general handiness, all of 
which are lost when the optical system is 
introduced. 

§ (10) Schaffer Diaphragm Gauge. — ^T he 
manometer is the 
Schaffer diaphragm 
gauge {Fig. II). 
The diaphragm A is 
subjected to press- 
ure on its lower side 
and the motion of 
the diaphragm com- 
municated to the 
rod B which carries 
a rack at its upper 
end gearing with the 
pinion C. This 
pinion is fixed to 
wheel D which gears 
with the small wheel 
E attached to wheel 
F which in turn 
gears with the small 
wheel to which the index hand is attached. 
This somewhat complicated gear is necessary 
owing to the small motion of the diaphragm 
permissible, and the great advantage of the 
Bourdon tube gauge to be described later is 
the more simple mechanism required. This 
gauge, however, is still occasionally used on 
traction engines and machinery subject to 
vibration, sinco the natural period of vibration 


of the diaphragm is much less than that of a 
Bourdon tube suitable for the same pressure. 
For laboratory work this type of gauge has 
some advantages in that it can be constructed 
in any ordinary workshop, and by the sub- 
stitution of an optical lever for the gearing 
and index an open scale of pressure can be 
obtained. 

§ (11) Bourdon Tube Gauge. — The most 
common form is the Bourdon tube gauge, 
which is used universally for measuring large 
or small pressures. In this gauge the pressure 
is applied to the inside of a tube of bronze or 
steel, generally oval 
in section and bent 
into the arc of a 
circle. The effect of 
the internal pressure 
is to increase the 
radius of curvature 
of the tube, and one 
end being fixed to 
the case, the motion 
of the other end is 
utilised to operate 
an index hand by 
means of a rack and 
pinion. The limit of 
elastic deformation 
must not be approached, otherwise the tube 
will take a gradual permanent set and the 
gauge readings will increase. The gauge is 
shown in Fig. 12, where B is the tube fixed 
to the case at A. The free end of the tube 
is connected to a quadrant rack D by a link C. 
The rack D gears with a pinion E, on the 
shaft of which the index hand is fixed. A 
small restraint is added in the form of a hair- 
spring F. 

If the tube is made very stiff, the magnifica- 
tion must be large, and unavoidable slaclcncss 
in the pin joints will produce uncertainty in 
the reaing. In order to reduce the magnifica- 
tion makers generally allow the tube to deform 
more than is advisable, and most gauges arc 
much more constant if worked to about 76 
per cent of their designed load. A gauge of 
the cheapest type, calibrated to 75 per cent 
of its mtended maximum, has been found to 
give exact repetitions of its reading for several 
years. The scale division of this gauge, how- 
ever, was smaller than that of a standard gauge 
for the same pressure. 

The Bourdon tube gauge is the most con- 
venient pressure indicator for a large scope 
of work, because the gauge quickly records 
any change of pressure, which can be read 
off directly on the dial. These gauges can 
be purchased for any range of pressure, such 
as vacuum up to zero, vacuum and pressure 
from 0 to 10 lbs., and any range of pressure 
from zero to 5 lbs. per sq. in., or zero up to 
12 tons per sq. in. The usual sizes made have 


simplest form of this 
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Q" and 10"’ dials, but smaller and larger dials 
can also be obtained. The mechanism is not 
always increased in size for the larger gauges, 
the dials being enlarged and the index hand 
increased in length and breadth simply to 
enable them to be read from a considerable 
distance. 

(i.) TJie dials of gauges of this kind must be 
carefully chosen. The index hand should 
move as close as possible to the dial, but must 
not touch it at any point of its motion. Con- 
siderable parallax errors can be obtained if 
the index hand is a small distance from the 
dial, and practice is required before an observer 
instinctively places his eye in the true position 
to avoid this. The index hand itself is made 
of considerable width for ordinary gauges for 
engineering purposes because it is more import- 
ant that it should be easily seen than that 
the pressure should be observed with great 
accuracy. For laboratory work it is convenient 
to reduce the width of the pointer almost to a 
point and, generally speaking, the dial is better 
marked in dots than in lines. A very general 
fault is for the index hand to overlap the 
divisions, which renders accurate reading im- 
possible. When greater accuracy is required, 
the pointer should be flattened to a knife edge, 
turned edgewise and a mirror let into the dial 
behind the flattened part of the hand. This 
enables very accurate observations to be made, 
and eliminates the error due to parallax. This 
type of dial can be obtained to special 
order. 

Examples of the dials referred to are shown 
in Fig. 13, where (a) is the usual form of pointer. 



which is shown overlapping the divisions — a 
very common fault ; (6) shows the fine point 
with the scale marked in dots, the best 
method of marking; and (c) shows the re- 
flector scale type, which is recommended for 
special work. 


(ii.) Overhauling a Gauge . — If a new gauge is 
obtained, it may be found that its motion is 
irregular, the pointer setting at different places 
each time it is tapped. An examination of the 
mechanism may show that small particles of 
metal dust have been left in the case and have 
fallen between the pinion and the rack, and a 
thorough cleaning with a camel’s-hair brush 
loaded with petrol may put the gauge right. 
If the fault still remains it may be that the 
rack and pinion do not mesh sufficiently 
closely in gear, a point which can sometimes 
be rectified. Or it may be found that the 
pinion shaft is not circular, which must be 
put right before the gauge will be satisfactory. 
It should be noted that the mechanism is 
somewhat delicate, and the index hand 
should only be removed by means of a 
special little drawing tool, as shown in 
Fig. 14. The jaws A press on the back 
of the boss of the hand, and the screw 
point B presses against the spindle. A turn 
of the screw will then remove 
the hand without bending the 
pivot. To replace the hand it 
must be pushed straight on in 
the correct position and then 
tightened by a tap with a 
very light instrument-maker’s 
hammer'; it is not possible to pio. 14. 
put the hand on loosely and 
then twist it into place without risk of damage 
to the mechanism. 

If an old gauge is suddenly found to behave 
erratically, it wiU generally be found that the 
tube is punctured, although the hole may be 
so small as not to he found easily. In such a 
case the gauge must be returned to the makers 
for a new tube to be fitted. 

(iii.) Correction for Temperature . — If a pressure 
gauge is required to indicate small differences 
of pressure, it can be calibrated at different 
temperatures and the readings corrected 
accordingly. It is necessary to choose a 
gauge of good quality which repeats its read- 
ings nearly exactly whether the pressure is 
rising or falling, and to have the knife-edge 
index with mirror shown in Fig. 13 (c). The 
curve of corrections at any constant tempera- 
ture cannot be represented as a mathematical 
function of the pressure, since such corrections 
are largely due to small errors in marking the 
scale of the dial. It has been found, however, 
that the alteration to the correction at any 
particular pressure due to change of tempera- 
ture is a simple function of the temperature 
and pressure. As an example a 10", 250-lb. 
gauge was calibrated at 65° F. as a standard 
temperature and its curve of corrections ob- 
tained. It was then calibrated at several 
temperatures between 50° and 100° F., and the 
change in correction Ac at temperature ^° F. 
was found to be Ac— -*00018 P (0-65), 
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where P is the pressure ia lbs. per sq. in. The 
following table shows the actual corrections at 
three temperatures : 


Table of Corrections 


Temp. 

Pressure - lbs. per sq. in. 

50. 

100. 

150. 

200. 1 250. 

1 

50 

-0-38 

+0-04 

-hO-25 

4-0-31 { 4-0-10 

C5 

— 0-51 

-0-23 

-0-15 

-0-23 -0-52 

90 

-0-73 

-0-G8 

-0-82 

-1-13 -1-04 


In practice it is often found that a pressure 
gauge is fixed a few inches from the hot boiler, 
and although a water syphon is always fitted 
to preyent the heating of the Bourdon tube by 
steam, the temperature of the whole gauge will 
often exceed 90° P. There wiU then be 1 lb. 
per sq. in. difference in the correction of such 
a gauge at 250 lbs. per sq. in. if the gauge had 
been cahbrated at the ordinary temperature 
of a laboratory. The error thus caused is ap- 
preciable in efficiency tests, although its effect 
is not very large. 

Bourdon tube gauges are always liable to 
change of zero, especially if they are subject 
to slight vibration such as occurs while they 
are carried about. When the zero' can be 
observed any change in this will apply to all 
the corrections at other parts of the scale. 
If, is generally the case, a peg is provided 
to arrest the index hand just above the zero 
point, the calibration will be doubtful after 
the gauge has been despatched by train or 
carrier. It is better to have the zero free 
by removing the peg and to place a piece 
of cork between the end of the tube and 
the case as a temporary stop during trans- 
port. 

§ (12) Spuege High-peesstjee Manometee. 
— ^The scale length of a Bourdon tube gauge is 
limited, being about 13 inches on a 6-inch dial 
and 22 inches on a 10-inch dial. Thp value of 
one-inch motion of the index becomes very 
great when the maximum pressure registered 
by the gauge increases. It is often desirable 
to read high pressures with much greater 
accuracy, or, in other words, to provide a 
much more open scale. This can he done by 
substituting a vessel in the shape of a tube or 
a sphere for the Bourdon tube, and measuring 
the cubical expansion or compression of the 
vessel. The measurement of the expansion 
can be best made by observing the displace- 
ment of a liquid either from the inside or the 
outside of the tube. Fig. 15 shows a mano- 
meter of this type constructed by Mr. Jas. 
Spurge. It consists of an outer cylinder A 
filled with water and a smaller cylinder B 
which communicates with the outside of the 
apparatus by a capillary tube C connected to 


the pressure supply. The cylinder A is filled 
with water, and on tlie pressure in chamber B 
increasing, some of the water in A is forced 
into the measuring vessel B. The ves.sel T> 
is provided with a fiducial mark E, at which 
level the water is kept by operating a dis- 
placement piston E by means of a micrometer 
screw G. The amount of water flowing from 
A is thus measured by the rotation given to 
the micrometer head G. The water in A 
being at all times open to the atmosphere is 
not compressed, and as long as the whole 
apparatus remains at one 
temperature the ratio of 
the displaced volume to 
the total volume remains 
constant, except for the 
small error produced by 
temperature expansion of 
the metal cylinder. An 
additional plunger H is 
provided for adjusting the 
zero so that the micro- 
meter head reads zero at 
zero pressure. The vessel 
B is subjected to axial 
and longitudinal com- 
pression so that the 
volume of water displaced 
is not exactly a linear 
function of the pressure. 

The calibration of gauges 
made from oiie quality of steel is, however, 
very constant. The gauge is very sensitive 
and can be made to read a pressure of 300 
atmospheres to one part in 2000. The sensi- 
tivity depends upon the rhtio of the area of 
the displacement piston to the volume of 
liquid in A and upon the use of a small tube 
for the fiducial mark E. 

§ (13) Electeical Resistance Mano- 
METEES. — ^These manometers depend upon the 
change in the electrical resistance of a metal 
when subjected to pressure. The metals used 
for this purpose are mercury, platinum, and 
manganin. The first must be contained in a 
capillary tube of non-conducting material, such 
as glass, and the solid metals are used in the 
form of wires. In the case of mercury the 
elasticity of the glass -containing tube affects 
the resistance of the mercury, the compression 
of the bore altering the length of the thread of 
mercury. Such a gauge must, for this reason, 
be calibrated by comparison with a primary 
manometer. Manganin wire is not very 
constant, its variation in resistance depending 
upon its previous history. ^ This must also 
be calibrated against a standard gauge. It is 
possible that a pure platinum wire may bo 
sufficiently constant in its resistance variation 
to enable such a gauge to he used as a primary 
standard for very high pressures. 

^ Amer. Acad. Proc., IQll, xlvii. 
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M. A. Lafay gives the resistance variation 
as follows : ^ 

Mercury : 

- 32-7 X 10-«;)+l-l X lO-y-, 

wh^re ^ is in kg./cm.^. 

Platinum : 

- 1-86 X 10-«53. 

'"o 

]\Ianganin : 

^^'>= +2-23 X 

’•o 

where is in atmospheres, is the resistance 
at atmospheric p)ressure, and r the resistance 
at any other pressure. The positive sign for 
manganin is a peculiarity of this material. 

Mr. Bridgman finds that a gauge of this 
kind repeats itself extremely well for increas- 
ing and decreasing pressures, as is shown hy 
the following table ; ^ 

Table 


Pressure in 

Slider Displacement (Cm.). 

Kgm./Cni.®. 

Increasing. 

Decreasing. 

917 

4-89 

4-80 

2018 

10-17 

10-10 

3719 

17-75 

17-74 

5348 

25-70 

25-65 

6452 

27-45 

27-43 


All that is necessary for the construction 
of this gauge is a vessel sufficiently strong to 
hold the jiressiirc, filled with a non-conducting 
fluid and provided with insulated pressure 
tight termiirals for taking the leads to the 
resistance - measuring apparatus. Provision 
must also be made for keeping the apparatus 
at constant temperature. The resistance wire 
or glass tube containing the mercury is 
attached to the inside ends of the insulated 
terminals and suspended in the fluid to which 
the pressure is applied. The change of re- 
sistance is not very great, so that a sensitive 
resistance bridge is required for measuring 
the change with accuracy. 

§ (14) Crusher Gauges. — When a single 
high - pressure measurement is required, a 
cruslier gauge of the kind devised for the deter- 
mination of the pressure obtained in the breech 
chamber of a gim can be used. The measure- 
ment depends upon the permanent compression 
of a small cyhnder of copper. A number of 
these copper cylinders must be made from 
one sample of material, and a few of them 
chosen at random compressed at known loads 
in a testing machine. A curve can then be 
drawn showing the compression of the cylinder 
for any load. 

^ Comptes TPyidiLS, 1900, rxlix. 566. 

® Amer. Acad. Proc., 1900-10, xliv. 8. 


Fig. 16 shows the form of the gauge. A is 
a steel cylinder in which slides a piston B, 
the upper end of which is subjected to the 
pressure to be measured. Leakage is pre- 
vented by a cup -shaped disc of soft copper C. 
The cylinder A screws into the body D in 
which the cylinder of copper 
E is placed. The cylinder E 
is kept in a central position 
by means of a fight spring, 
not shown, which does not 
prevent the radial deforma- 
tion of the cylinder. After the 
test the cylinder is removed, 
its compression measured, 
and the pressure read ofi 
from the chart. The actual pig, le. 
load on the copper depends 
upon the diameter of the piston, and as the 
whole apparatus is self-contained, no ex- 
ternal connections are needed, and it can 
therefore be used for the highest pressures 
attainable. 

§ (15) Sounding Apparatus. — ^Two forms 
of recording pressure gauges are in common 
use for determining the depth of water under a 
ship. One of these is a compressed-air gauge 
and consists of a metal vessel with a small 
opening for the admission of water provided 
with a non-return valve. This opening must 
be kept at the bottom of the apparatus as it 
sinks in the water. The vessel is initially full 
of air, but as the pressure of the water increases 
some passes the non -return valve, compressing 
the air inside until equilibrium is reached. 
When the vessel is hauled back to the ship 
the non-return valve prevents the escape of 
the water, and the volume of the water found 
in the gauge is a measure of the maximum 
pressure reached. This water is measured in 
a calibrated vessel, or by means of a divided 
scale dropped in the vessel, and the depth of 
water read off. The true depth varies with 
the amount of salt in the water and a correc- 
tion must be made when the apparatus is 
used in river mouths or land-locked waters. 
After emptying, the sounding apparatus is 
ready for use again. The depth recorded is 
independent of the direction of the heaving 
line, but the inlet must remain in a downward 
position otherwise air will escape as the water 
enters and a false reading will be obtained. 

The second form of soimding apparatus of 
this kind consists of a narrow glass tube closed 
at one end and coated on the inside with a 
chemical which will be coloured by the action 
of sea water. This is dropped in a suitable 
sinker with the open end of the tube downwards 
when the water enters the tube, compressing 
the air contained therein a certain distance 
depending upon the pressure. Chemical action 
then takes place, and when the tube is hauled 
back a measure of the coloured portion of 
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the bore on a special scale will give the 
maxiniam. pressure reached. These tubes are 
as a rule used only once, since the cleaning ofi 
of the coating and refilling is a difficult matter. 
The tubes are, however, very cheap to make 
and a large stock of them can be carried in a 
small space. The original length of the tube 
must be made exact, otherwise the scale will 
be incorrect. 

§ (16) Sounding Tube by M. Berget.^ — 
In this apparatus the compression of water 
instead of air is utilised. It consists of a 
large reservoir filled with water and closed 
by a capillary tube silvered on the inside 
surface, which contains a thread of mercury 
and is open to the outside. As the gauge 
descends the water is compressed and the 
thread of mercury moves along the capillary, 
dissolving the silver lining and thus giving a 
permanent record of the maximum depth 
obtained. The sensitivity can be increased by 
enlarging the reservoir and providing a smaller 
capillary. The temperature of the reservoir 
must be known and can be determined by a 
recording thermometer affixed to the apparatus. 

§ (17) I^Ieasurembnt of Cycles of vary- 
ing Pressure. — For observations of a con- 
tinual change of pressure the elastic gauge in 
some form is generally used. For slow changes 
a continuous photograph of a mercury column 
can be taken upon a clockwork drum covered 
with sensitive paper, but such an arrangement 
can only be used to record very slow changes. 
For such work it is better to use an ordinary 
gauge, in which the index hand is replaced by a 
marking-point moving upon a paper disc or 
drum, rotated hy clockwork. This apparatus 
can be readily obtained from pressure-gauge 
makers. 

When the changes of pressure . are more 
rapid, such as those occurring in the cylinder 
of a steam or gas engine, a different method 
is necessary. 

§ (18) Steam-engine Indicators. — The 
ordinary steam-engine indicator consists of a 
small cylinder, containing a freely moving 
piston, the motion of which is restrained by a 
calibrated spring. A rod is attached to the 
piston, and the end of this, either directly 
or through a magmfjing motion, records the 
pressure upon a paper drum. The drum can 
be driven by clockwork but is generally given 
a reciprocating motion from the crosshead of 
the engine, so that the pressure is recorded 
with reference to the position of the piston, 
and the area obtained is a measure of the 
work done. 

The choice of the size of the piston and the 
amount of motion allowed to the spring 
depends upon the speed of the engine. The 
inertia of the piston is more with a large 
piston, and with the larger motion, but the 
^ Comities rendus, 1914, clviii. 1405. 


accuracy with which the record can be 
measured is proportional to its height. 

(i.) Richards Indicator . — For slow speed 
steam engines this indicator (Fig. 17) is 



perfectly satisfactory. It consists of a cylinder 
A in wffich the piston B, restrained by a spring 
C, moves. The motion is transmitted through 
a simple Watt parallel motion to the point 0, 
which records on the drum E. The marldng- 
point may be of gun -metal, when special 
metallic paper must be used upon the drum, 
or a hard lead pencil marking upon ordinary 
paper can be used. 

(ii.) Croshy Indicator . — As the speeds of 
engines increased, error, due to inertia of the 



Fig. 18. 


parts, increased, and other mdicators, of 
which the Crosby is a typo, were introduced. 
In these the motion of the piston is reduced 
and greater magnification is provided by 
specially designed link motion. The Crosby 
indicator is shown in Fig. 18, in which the 
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parts are similar to those of the Richards 
indicator,, except in the link motion, which 
gives a magnification of 5 to 1 instead of 2 to 1. 

When high steam pressures and super- 
heated steam came into use, the position of 
the spring under the cylinder rendered it 
liable to change, owing to the temperature 
which it attained. This became of greater 
importance still when the use of the explosion 
engine became general. Several indicators 
have been devised in which the spring is 
placed outside the hot cylinder. 

(iii.) Dobhie-Mclnnes Indicator . — ^This ex- 
ample of an external spring indicator is 
shown in Fig. 19. The spring is outside the 
cover of the cylinder, which prevents it from 
being overheated, and the spring diameter is 
not limited by the diameter of the piston. 
It is possible to use very stiff springs and 



very high pressures can be recorded. These 
indicators are satisfactory for speeds up to 
about 400 or 600 cycles per minute. For 
higher speeds a smaller piston, only one 
quarter of a square inch in area, is used, 
and the height of the diagram is reduced to 
1.^- inch. For small explosion engines the 
piston is reduced in area still more and the 
height of diagram limited to 1 inch. These 
small indicators can be used with fair success 
upon petrol engines running at 1000 or 1200 
cycles per minute ; but for this speed the 
optical indicator is a better instrument, al- 
though more cumbrous. 

The faults of records obtained from indi- 
cators of this type at high speeds are due to 
two causes ; the first is the inaccuracy of the 
height or pressure ordinate of the diagram, 
due to thfe inertia of the piston and link motion 
of the indicator ; and the second is the 
inaccurate positions of the pressure ordinates 
due to the inertia of the drum and driving 
mechanism, and the stretch of the cord due 


to these inertia forces. In steam-engine 
diagrams, where the variation of pressure is 
not great during a working stroke, the error 
produced is not very serious, but in the case 
of an explosion engine, in which the record 
is asymmetrical, the high-pressure peak being 
at one end of the diagram, the errors produced 
are very large. These records are generally 
used to calculate the mean effective pressure 
on the piston, i.e. the mean difference between 
the pressures on the forward and the return 
strokes. To obtain this, the area of the 
diagram is divided by the actual length of 
the base line of the recorded curve, and not 
the length which is given at slow speeds, 
when inertia forces and stretch of cord are 
nearly absent. Thus the errors are, to a 
certain extent, eliminated. If, however, the 
record is used for determining the exact 
position of valve settings and such observa- 
tions, the errors produced may be very great. 

The motion to the drum may be derived 
directly from the crosshead of the engine by 
means of a simple lever system or a differential 
drum, or it may be derived from a small copy 
of the crank and slider mechanism, driven 
from the engine shaft by a chain, or other 
means free from shp. In any case it is 
necessary that the circumferential motion 
given to the indicator drum shah he an exact 
copy of the motion of the piston, and in 
phase with this motion. 

The piston of the indicator must be lubri- 
cated with oil, and this oil is soon removed 
when wet steam or hot gases are present. 
For this reason it is best to remove the piston 
and link motion when the indicator is not 
in use, and replace them cleaned and oiled 
when a record is desired. This also prevents 
the spring from becoming overheated, and thus 
preserves its accuracy. After use it is most 
important that the whole iadicator be thor- 
oughly cleaned and oiled and put away in its 
proper box. The very faulty diagrams so 
often obtained on engine tests are largely due 
to neglect of these precautions. 

§ (19) OpticalIkdicatobs.— For high-speed 
engine tests, and for recording explosion press- 
ures, optical indicators are the only instru- 
ments which can be used with success.^ In 
these indicators the motion of the piston is 
reduced to a' minimum, or a diaphragm is 
used and the magnifying gear is replaced by 
a beam of light, friction and inertia being 
eliminated in. this part of the mechanism. 
The instruments consist of a spring-loaded 
piston or a diaphragm (which requires no 
additional spring) subjected to the pressure, 
and the motion of which is transmitted to a 
very light pivoted mirror. A ray of light 
is projected upon this mirror and its refiec- 
tion thus strikes out a straight line, the length 
^ See “ Cathode kay Manometer.” 
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of which is proportional to the pressure. In 
order to obtain a diagram, motion must he 
given to this reflected ray in a direction at 
right angles, such motion being a copy of the 
motion of the engine piston. This may be 
done by rotating the frame containing the 
pressure mirror, or by deflecting the light ray 
by means of an independent mirror. The 
second motion of the flght ray may be avoided 
by moving the ground -glass screen or photo - 



Tig. 20. 

graphic film upon which the fight spot is 
received- This, however, introduces inertia 
forces which can easily be avoided by the 
above methods. For records of explosions in 
closed cylinders the diagram is required upon 
a time base, and the second reflection is then 
unnecessary, a revolving drum, holding the 
sensitive paper, alone being required. These 
records usually cover a very short interval 
of time and clockwork is unsuitable. The 
drum is then driven by an electric motor at 
approximately constant speed and an inde- 
pendent time record made by a ray of light 


reflected from a mirror attached to a tuning- 
fork. Another method is to arrange a tuning- 
fork so that the fight from the diaphragm 
mirror is occulted at each vibration of the 
fork, and a dotted fine thus obtained on the 
recorded diagram. In Fig. 20 (a), (6), (c), 
and {d) are shown four different types of 
these optical indicators, (a), due to Professor 
Hopkinson, shows a piston instrument in 

which the piston P is restrained by a straight 

bar spring S. The 
mirror is pivoted be- 
tween spring supports 
L and the second 
motion obtained by 
oscillating the whole 
frame F by means of 
a convenient system of 
levers attached to the 
engine crosshead. (6) 
shows the instrument 
used by Professor Wat- 
ttli i ^^nL/TiVri-i ^ which a corru- 

^ gated diaphragm D is 
used and kept cool by 
a water-jacket J. The 
mirror M is supported 
on three pivots, two of 
which are fixed and the 
third receives motion 
from the diaphragm. 
The mirror K gives the 
second deflection to the 
light ray, being oscil- 
lated by a crank and 
connecting-rod mechan- 
ism C in which the 

ratio of the connecting- 
rod length to the crank 
radius is made similar 
to that of the engine 
upon which it is used. 
The crank is rotated by 
means of a chain from 
the engine shaft, and an 
adjustment is provided 
for securing correct 
phase position relatively 
to the engine piston, 
(c) is the Carpentier- 

Hospitalier indicator, made by Messrs. Van 

Raden & Co. of Coventry. In this indicator 
, the flat diaphragm B is connected to the press- 
ure source by a small tube of some length, 
in order to keep the diaphragm cool. The 
mirror M is supported upon three pivots, one 
of which is fixed, one receives motion from 
the diaphragm, and the third receives motion 
from a crank mechanism which copies the 
motion of the engine. The two motions are 
thus communicated to the single mirror. 

The copying motion is driven from the engine 
I by a flexible shaft to wheel J, the phase position 
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being adjusted by tbe knurled bead H and 
the ratio of connecting-rod to crank being 
adjusted to agree with that of the engine. 
{d) shows the indicator used by Professor 
Petavel for explosions in closed cylinders, in 
which a piston D with extremely restricted 
motion is used and the spring consists of a 
thin tube S. In this case time records were 
required, so that but one moving mirror M 
was required. 

These four illustrations show the chief 
methods of construction of optical indicators 
for different purposes. The essential points 
to be observed in the design of such instru- 
ments are the cooling of the diaphragm and 
the lightness of the moving parts, together 
with their rigidity. However light the parts 
are made, they will not follow an extremely 
abrupt change of pressure such as is obtained 
on detonation of an explosive charge, aiid 
unless great care is taken the mirror mechan- 
ism will be damaged under these circumstances. 
The rigidity of the pivot supports of the 
mirror can be made satisfactorily by a skilful 
mechanic, but a fault which often occurs is 
caused by the straining of the mirror under 
the shock of explosion. The mirror is gener- 
ally of glass, fixed in a steel frame, but it 
would appear to be possible to shape the 
steel holder to the curvature required and 
coat it with silver, thus avoiding the attach- 
ment of glass to metal. 

With spring-loaded pistons it is possible 
to make the springs to dimension after trial, 
so that the scale of pressure can be made an 
exact number of units per unit of motion, but 
with diaphragms the scale must be determined 
by trial under static pressure. The actual 
scale on the diaphragm can bo altered by 
altering the length of the light-path, but this 
is not, in general, convenient, since in most 
cases it requires alteration in the curvature 
of the mirror, and always requires altera- 
tion in the light-tight enclosure. For this 
cause it is generally more convenient to 
make a special scale for measuring up the 
diagrams. 

One other type of optical indicator may be 
mentioned, namely, that used by J. Kimer ^ 
for recording the pressure in a gun -barrel 
during the explosion of the charge. The 
ordinary type of optical indicator requires 
some modification to enable it to record with 
accuracy the rate of rise of pressure under 
these circumstances. The gauge referred to 
has two glass lenses of great strength, which 
are pressed together by the pressure to be 
measured. The pressure is indicated by an 
interference method, the spreading of the 
Newton rings being observed. An arc lamp 
was used for producing the ray of light and 
a photographic record taken of the shift of 

^ J . Firiicr, Zeitschrift Ver. Deuts. Ing., 1909, liii. 43 . 


the Newton rings as the explosion took place. 
The inertia of this indicator is practically 
negligible, but considerable complication is 
introduced both in obtaining the record and 
in interpreting it. 

§ (20) JVIiCEOMANOMETERS. — ^The gauges to be 
described are designed for the measurement 
of very small differences of pressure when 
both pressures are nearly atmospheric. A 
distinct class of gauge for measuring very small 
absolute pressures, called vacuumometers, is 
discussed elsewhere. For the latter purpose 
many other physical properties of attenuated 
gases are available, but for measurements in 
the neighbourhood of the atmospheric press- 
ure two means only are available — liquid 
columns and diaphragm manometers. In 
both cases the principle of construction lies 
in the magnification of the very small dif- 
ference in the level of the liquid surfaces or 
of the minute motion of the diaphragm. In 
the case of liquid columns it is important to 
arrange that the temperature of both columns 
is identical, since the difference to be measured 
may be comparable with the difference pro- 
duced by temperature even in a short column 
of liquid. 

§ (21) Diaphragm Gauge and Optical 
Levee. — This apparatus is shown in JPig. 21. 



A very thin corrugated diaphragm is fixed 
above the pressure space. The motion 
of the diaphragm is communicated to a 
mirror mounted on three pins forming an 
optical lever. The reflected ray of light can 
be received on a screen at a distance. The 
sensitivity depends upon the distance between 
the fixed and moving supports of the mirror, 
which may be reduced to about J mm. if 
necessary, and the distance of the scale. The 
greater the distance of the scale the more 
powerful must he the light. It is possible 
to measure a deflection of the diaphragm of 
about *02 II. The gauge must be calibrated 
at its highest readings by comparison with a 
liquid colunm and the pressures will be pro- 
portional to the deflection. 

If differences of pressure are required the 
whole apparatus must be enclosed in a cover, 
light rays passing through a glass window, 
as shown dotted in Fig. 21, the space 
enclosed being connected to one source of 
pressure. This gauge is easily disturbed by 
external vibration and can only be used when 
such disturbances are absent. 
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§ (22) Diaphragm Gauge op Scheel and 
Heuse.^'^ — ^T his gauge is somewhat similar to 
the last, but has a light copper diaphragm, and 
the deflection is measured by the Fizeau inter- 
ference method instead of by the optical 
lever. The gauge is thus more compact and 
not so sensitive to external vibration. Differ- 
ences of pressure of the order of OT mm. of 
mercury can be measured to 0-00001 mm. and a 
change of pressure of 0-001 mm. corresponds to 
four interference bands of yellow helium light. 

§ (23) CoLLODiOK Diaphragm Gauge. 2 — M. 
Lafay has constructed a very sensitive dia- 
phragm of silvered collodion in which the 
Fizeau interference method is utilised to 
indicate when the diaphragm is in its normal 
position. The deformed diaphragm is brought 
back to its initial position by means of an 
electrostatic charge, the quantity of which is 
measured and the pressure determined there- 
from. This has the advantage that the actual 
pressure measurement is simpler than the 
counting of the interference bands, the light 
system being used simply to indicate the 
nuU position. 

§ (24) Liquid Columns. — The simplest 
method of magnifying the difference in height 
is to make one of the tubes at a small angle 
to the horizontal instead of vertical. If the 
position of the meniscus is measured along the 
tube the height ^ = Z sin a where a is the angle 
to the horizontal and I the motion along the 
tube. If a is made 5°, the magnification is 12 
■ times. A disadvantage of this method is that 
the smaller the slope the greater difficulty is 
experienced in determining the position of 


§ (26) Micrometer Water-gauge. — This 
gauge, shown in FiV/. 23, is constructed of two 
water-vessels A and B connoctod by a small 
tube C. The level of water is measured by 
micrometer heads D, the reading being taken 
when the point attached to the micrometer 
screw just touches the surface of the water. 
As the point is brought down very slowly to 
the water surface, the latter will suddenly 
appear to jump up to meet tho point and will 



Fig. 23. 


adhere to tho point. If this contact is always 
observed it is possible to road to -025 mm. on 
each head corresponding to -05 mm. difference 
in head. This corresponds to 0*004 mm. of 
mercury. The water surface and the points 
must be kept clean, and the points must bo 
withdrawn from the surface before each read- 
ing. The apparatus must be firmly fixed, since 
vibrations on the surface of the liquid will 
prevent accurate observations of tho position 
of contact. 

§ (27) Chattock Gauge. — Fig. 24 shows this 
gauge, which is simple to construct and only 


the liquid in the tube, and in any case a 
small tube must be used. 

§ (25) Roberts Compensated Mano- 
meter.® — ^This gauge, shown in Fig, 22, 
consists of two tubes A and B connected 
by a capillary C, the whole being filled 
with liquid except for a bubble of air D 
left in the horizontal tube C. A very 
small change in head in either A or B 
thus causes a large motion of the bubble 

in C, and the tubes A and | 
A B 3 being close together ^ 

D D ^ maintained at ® 



the same temperature. If A and B are 10 mm. 
in diameter and C is | mm. bore, the magnifi- 
cation is 400 to 1, a reading of 0-001 mm. 
being easily made. 

^ Deutsth. Vhys. Gesell. Yerh,, 1909, xi. 1. 

* Oomptes rendus, 1909, cxlix. 1115. 

® Ptoc. Royal Society, 1906, A, Ixxviii. 


requires reasonable care in operation to give 
very reliable observations of small differences 
of pressure. The gauge is constructed in 
glass, A and B being two water-vessels attached 
to the pressure sources. These vessels com- 
municate with a central vessel C, one to the 
body of the vessel and the other to an internal 
tube D. The central vessel C is filled with 
any moderately transparent liquid lighter 
than, and non - mixahle with, water. The 
whole gauge is mounted upon an upper frame 
' F, which in turn is supported at one end from 
a stand G and carried at the other end by 
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an. adjustable screwed support with, a ruicro- 
meter head K. The excess of pressure in 
vessel B will force a bubble of water up the 
tube I) into the oil surrounding its end A 
lamp is fixed at the back of the gauge to illu- 
minate this bubble, and a microscope with an 
objective of about 25 mm. focus is employed 
to observe the bubble. The light is then 
adjusted until a bright line either golden or 
red in colour is observed in the microscope, 
and this Line is brought into coincidence with 
the fiducial line in the eyepiece of the micro- 
scope by tilting the gauge by the micrometer 
head H. When the gauge is properly filled 
with clean liquids this bright line will be found 
to be quite definite in position for any posi- 
tion of the gauge. The line is adjusted for 
equal pressures in the two tubes, and when 
pressure is applied is brought back to position 
by tilting the gauge. The micrometer readings 
are thus proportional to the pressure differ- 
ences in the water vessels. A common size 
is to make I the distance between the micro- 
meter and support 25 cm., L the distance 
between the tubes = 35 cm. With 1 mm. 
pitch of screw and 100 divisions on the micro- 
meter head one unit x *01 = -014 mm. of 
water, and readings can be made to one-tenth 
of a division, corresponding to about -0001 mm. 
of mercury. The ground joints at the top of 
the water vessels are required so that the 
gauge can be properly cleaned, and these and 
all valves must be kept well greased to prevent 
leakage. ’ If a sudden rise of pressure takes 
place the bubble of water may become de- 
tached and fall to the bottom of vessel C, 
thus altering the adjustment of the gauge. A 
tap E is provided so that the gauge can be 
shut off if this seems Ukely to occur. It is 
well to provide two branch taps in the 
pressure pipes, which can be opened to the 
atmosphere in order to check the zero with- 
out disconnecting the gauge from the test 
apparatus. 

The sensitivity of the gauge depends upon 
the definition of the bright line seen in the 
microscope, and this depends chiefly upon 
the liquid used. Otherwise the sensitivity 
could be increased by bringing the vessels A 
and B together, thus making the ratio IfL 
large. The sharpness of definition of the 
bright line depends chiefly upon the two 
hquids employed. The best result is obtained 
by the use of salt water and pure. castor oil. 
The salt is used in order to prevent a fungus- 
like growth which occurs at the surface of 
pure water in contact with the oil. The 
readings of the gauge must be corrected for 
the density of the water used, the salt being 
added until the density is about 1-07. With 
this solution the gauge will remain in working 
order for many months. The use of the 
microscope is somewhat tiring during pro- 


longed series of observations, and it can be 
replaced by a projection lens which throws 
an image of the bubble on a ground -glass 
screen. If the surrounding light is dim the 
position of the bright line can be adjusted 
accurately and with less strain to the eye. 

The range of pressure measurable by these 
gauges may be increased by increasing the 
distance between the water vessels A and B. 
The new piece of glass work can be attached 
to the standard frame, avoiding the cost of 
the more expensive part of the apparatus. 
If a still greater range of pressure is to be 
measured, the glass part can be filled wdth 
mercury instead of water. It is evident that 
the larger the range of pressure available the 
smaller the sensitivity of the gauge. It is, 
however, a great convenience to be able to 
alter the range without great expense, and 
this renders the gauge particularly suitable 
for general laboratory work. 

§ (28) CoNCLTJSiON. ^ — The manometers in 
common use are of three kinds — the Hquid 
column, the loaded piston, and the elastic 
gauge- Gauges of each of these kinds have 
been briefly described. The range of pressure 
measured by the different types may be given 
here : 

Liquid Columns : 

Open column , . 0 to 50 atmospheres. 

Multiple and com- 
pound coluinns . 0 to 200 ,, 

Closed column . , up to 3000 

Loaded Piston . , , 3 to 6000 „ 

Elastic Gauges : 

Bourdon tube . . 0 to 1800 „ 

Diaphragm gauges 
and optical indi- 
cators . . . 0 to 100 „ 

Spurge manometer . 0 to 500 ,, 

The sensitivity of the different nxicromano- 
meters is as follows : 

Metal diaphragm . .lx lO"** mm. of mercury. 
Very thin metal dia- 
phragm . . . .lx 10~® „ „ 

Collodion diaphragm . 1 x 10"^ „ „ 

Inclined liquid column . 1 X 10^ „ „ 

Roberts’ micromanometer 1 .x 10~^ „ „ 

Micrometer water gauge . 1x10“^ ,, ,, 

Chattock gauge . -lx 10~* „ „ 

When an absolute pressure of very small 
amount is to be measured other and quite 
novel methods of measurement can be adopted. 
These generally depend upon the molecular 
motions of gases and are only available when 
by rarefaction the molecular path is compara- 
tively large. Examples of these are the re- 
pulsion of two plates suspended in a rarefied 
gas, the measurement of the electric current 
.fliowing to a collector, or the radiation from 
a hot wire. Manometers of this kind will 
measure pressures of the order 10~® mm. of 
mercury, but the methods are not available 
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wEen the absolute pressure is much greater 
than 10~® mm. of mercury. Such gauges will 
be found described in another portion of this 
Dictionary. C. J. 


PeESSUBE-COEFFICIENT of ExPA-NSION of a 
Gas, Expeeimental Determination of, 
with constant volume. See “ Thermal 
Expansion,” § (16). 

Peesstjee-ooefficients of Various Thermo- 
metric Gases, tabulated. See Tem- 
perature, Realisation of Absolute Scale of,” 
§ (18), Table 2. 

Pressure Corrections, to be applied to 
the readings of a thermometer to allow 
for the effect of changes of pressure either 
inside the thermometer or exterior to 
it. See “ Thermometry,” § (3) {b) and (c). 

Pressure - difference between the two 
Surfaces of a Soap Film, 



T being the tension, and R and R^^ the 
principal radii of curvature of the film. 

Pressure Distribution fob Streamline 
Flow. See “ Ship Resistance and Propul- 
sion,” § (20). 

Pressure Engines (Hydraulic). See 
“ Hydraulics,” § (54). 

Pressure of a Gas, due to Molecular 
Impacts on the Containing Walls. See 
“ Thermodynamics,” § (66). 

Pressure of Radiation : the pressure which, 
by the second law of thermodynamics, 
radiation must exert. From the electrO' 
magnetic theory, Maxwell showed that this 
pressure, for isotropic radiation, is numeric- 
ally equal to one-third of the total energy 
of radiation of all frequencies in unit 
volume. See “ Radiation Theory,” § (5) (i.). 

Pressure Turbines (Hytdraulic). See 
“ Hydraulics,” § (52). 

Pressures, maximum and mean in intemal 
combustion engines. See “ Engines, Thermo- 
dynamics of Intemal Combustion,” §§ (48)- 
(54). 

Prony Brake. See “ Dynamometers,” § (2) 

(L). 

Propeller Dynamometer for testing Air- 
screws. See “ Dynamometers,” §§ (7), (9). 

Propellers, Air and Water. See “Ship 
Resistance and Propulsion,” § (40) et seq. 

Properties of a Fluid as exhibited by 
Charts. See “ Thermod 3 Tiamics,” § (42). 

Propulsion of Ships. See “ Ship Resistance 
and Propulsion,” V. 

Pulleys. See “ Mechanical Powers,” § (2). 

PuLSOMETER Puivip. See “ Hydraulics,” § (41), 

Pumps. See “ Hydrauhes,” Part II. 

Pyrometer : 

Effect upon Reading of, when the Focussing 
Distance is increased, tabulated. See 


“ Pyrometiy, Total Radiation,” § (14) 
(iii.), Table IV. 

Extension of Scale of, above 1400° C. See 
pyrometry, Optical,” § (3). 

Fery’s Mirror. See “ Pyrometry, Total 
Radiation,” § (7). 

Fery “ Spiral.” See ibid. § (8). 

Fery’s Telescope. See ibid. § (6). 

Foster Fixed-focus. See ibid. § (10). 

Optical, Calibration of, by comparison with 
a standard instrument. See “ Pyrometry. 
Optical,” § (9). 

Optical ; Disappearing Filament Type : a 
type of pyrometer depending on the 
matching of the brightness of a lamp 
filament against that of the hot object. 
See ibid. § (3). 

Polarising Type of. See ibid. § (6). 

Radiation, Calibration of. See “ Pyrometry, 
Total Radiation,” § (16). 

Radiation, Sources of Error in Practical 
Forms of. See ibid. § (14). 

Recording : used in manufacturing processes 
where it is necessary to keep a continuous 
record of the temperature of tho furnace. 
See “ Thermocouples,” § (16). 

Recording Deflection : instruments for tho 
measurement and continuous record of 
temperature, the instruments being of 
the millivoltmeter typo and the record 
being made by periodically deiu'essing a 
pointer into contact with a chart. See 
ibid. § (17). 

Recording Resistance, used in industrial 
work to give a continuous record of the 
temperature of a furnace or kiln. Sec 
“ Resistance Thermometers,” § (20). 

Spectroscopic Eyepiece of : a red filter 
glass for producing approximately mono- 
chromatic radiation. See “ Pyrometry, 
Optical,” § (14). 

Thermoelectric : the most generally used 
of all appliances for the measurement of 
high temperatures, and now developed 
into an instrument of precision. See 
“ Thermocouples,” § (1). 

Thermoelectric : Cold Junction Correction 
for. See ibid. § (19). 

Thwing Radiation. See “ Pyrometry, Total 
Radiation,” § (11). 

Total Radiation, compared with tho Optical 
Type. See ibid. § (15). 

Total Radiation : instruments based on the 
fourth-power law, for the measurement 
of Mgh temperatures, and really specially 
designed thermopiles. See ibid. § (5). 

Use of a Radiation, with a Source of In- 
sufficient Size. See ibid. § (13). 

Use of Rotating Sector to reduce the 
intensity by a definite amount. See 
“Pyrometry, Optical,” § (15). 

Whipple Closed Tube. See “ Pyrometry, 
Total Radiation,” § (12). 
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PYROMETRY, OPTICAL 

The measurement of high temperatures by 
means of optical pyrometers is based on the 
vvell-lmown fact that the intensity of the light 
emitted by a hot object increases as its tem- 
perature is raised. 

The mathematical relationship between the 
intensity of the light of any particular wave- 
length and the temperature can be deduced 
from theoretical considerations for a surface 
which is a “ full radiator,” ^ and the fact that 
the radiation issuing from a uniformly heated 
furnace approximates closely to “ full radia- 
tion ” has greatly simplified optical pyrometry. 

§ (1) Theory of Heat Radiation, — Boltz- 
mann ^ in 1 884 dedu ced the relationship between 
the total radiation from a black body and its 
temperature, according to which the total 
radiation varies as T^. This is generally 
known as the vStef an- Boltzmann or the fourth- 
power law. 

In 1896 Wien further developed the theory 
of radiation. His first deduction is known as 
Wien’s cfisplacement law : 

Xm-6T"^ or E,rt = ^’T'5 

where is the wave-length of maximum 

energy, is the maximum energy ordinate, 

and T the absolute temperature. 

For the distribution of the energy among 
the various wave-lengths in the spectrum Wien 
deduced the expression 

E^ = c\-=/(XT), 

in which /(XT) could not be determined by 
purely thermodynamical reasoning. Ex is the 
energy emitted ot wave-length X. 

By making certain arbitrary assumptions 
concerning the radiation emitted by vibrating 
gaseous molecules, be succeeded in resolving 
the function of XT, and obtained the rela- 
tionshiii 

for the distribution of energy among the various 
wave-lengths in the spectrum. 

Experimental work, which will he referred 
to later, showed that the above expression 
only represented the facts for a limited range 
of X and T. Smee that time various attempts, 
based on plausible assumptions, have been 

^ In radiation pyrometry ffenerally the term “ full 
rafUator ” or “ black body ” denotes one that will 
absorb all the radiation that it receives — ^that is to 
say, it will neither redect nor transmit any of the 
incident radiation. There is no known substance 
that has strictly this property, the nearest approach 
being probably untreated carbon. Kirchholf demon- 
strated that a hollow cavity with walls at a uniform 
temperature possesses the properties of a “ black 
body.” If a small opening is made in the wall of 
the uniformly heated cavity, the radiation issuing 
from the hole will obey the laws of black body 
radiation. 

^ See “ Itadiation Theory,” § 5, Vol. IV. 


made to discover the correct expression, but 
vdthout success. 

The one formula which does represent the 
experimental data closely under all conditions 
is- that of Planck : 


E;,=:CX-=- 


1 _ 

eCa/AT _ 2 


The subject has aroused considerable interest 
during recent years, and reference must be 
made to the literature of the subject for fuller 
information.^ 

It will be observed that for small values of 
X and T the term is large compared 

with unity nd Planck’s equation approxi- 
mates to that of Wien; the concordance is 
sufficiently close for wave-lengths in the visible 
spectrum to permit of the use of the simple form 
of Wien’s equation for the range of temperature 
covered in practical optical pyrometry. 

§ (2) Experimental Study of the Dis- 
tribution OF Energy in the Spectrum of 
A “ Full Radiator ” at various Tempera- 
tures. — In 1899 Lummer and Pringsheim, who 
liad already proved by experiment the validity 
of the Stefan-Boltzmann or fourth-power law% 
published a further contribution to the sub- 
ject. Their experiments on this occasion were 
directed to the determination of the distribution 
of energy in the spectrum of a “ full radiator,” 
At first they employed the various types of 
uniformly heated enclosures, which they had 
constructed for their experiments to test the 
Stefan-Boltzmann law. Later they introduced 
many practical improvements in the apparatus, 
and, by basing their method of measuring 
temperature on the fourth-power law, they 
were able to continue their experiments to 
very high temperatures. This procedure also 
led to a great simplification in the form of 
their “ full radiator,” which could then he 
reduced to an electrically heated carbon tube. 



Fig. 1. 


(i.) Descrij)tio7L of tlie Experimental Arrange- 
ments , — The carbon tube furnace construction 
is shown in Fig. 1. 

The tube was of uniform wall thieloiess (1-2 
millimetre), 34 cm. long, and 1 cm. internal 

® See list at end of article. 
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diameter. The ends were inserted into heavy 
carbon blocks, copper-plated and fixed into 
metallic clamps. 

A stream of nitrogen was passed into the 
cap at the mouth of the furnace to diminish 
oxidation. 

The plug P (in the centre of the tube) and 
the left half of the furnace was equivalent to 
a “ black body ” in respect of radiation. 

The spectrum was produced by a fluor-spar 
prism, and corrections applied to convert the 
prismatic to normal energy curves by means 
of the known dispersion curve of fluor-spar. 

The distribution of energy vras measured 
by means of a linear bolometer, which was 
enclosed in an air-tight case to diminish the 
absorption effects of carbon dioxide and water 
vapour. The bolometer consisted of a single 
strip of platinum foil 0-6 mm. wide. The dis- 
tribution of energy in the spectrum for vari- 
ous temperatures between 700° and 1600° C. 
was obtained. Prom these curves the values 
of and the energy corresponding to 
could be read. The experimental results were 
in agreement with the two laws : 

X^T = constant, 

EmT -5 = another constant. 

Wien’s distribution formula, 

£2. 

E;^ = CiX"®e 

was found to hold for values of XT less than 
3000 fji degrees. Since the longest wave-length 
used in optical pyrometry is less than 0-7 /jl, 
the equation is valid for the entire range of 
temperature that has to be measured in 
practical work. 

(ii.) Variation with Temj>erature of the 
“ Maximum Energy Ordinate — To verify 

the relationship 

Em = hi:^ 

Lummer and Pringsheim employed a Lummer- 
Brodhnn spectro -photometer, and worked with 
different parts of the luminous spectrum from 
red to violet. Owing to the rapid increase in 
the intensity of the luminous radiation with 
temperature, it was necessary to employ a 
number of absorption plates ; at the highest 
temperature the intensity was reduced to 
part to bring it within measurable limits. 


Temperature by 4th-Power 

Temperature 

Law (Various Distances), ° C. 

by Em=Z:T5, “ C. 

2345 

2325 

2348 

2327 

2339 



They were able to obtain an accuracy of 
about 1:20° C. with the total radiation pyro- 
meter, and the calculated temperatures were 
in agreement within these limits of accuracy. 

The relationship X^T = constant was also 


checked and the value 2930 obtained for the 
constant of a “ full radiator.” Wlien the 
radiation from polislicd ])latmum was studied 
the constant was found to be 2620.'* Hence 
it is possible to estimate roughly the tempera- 
ture of any object whose radiation is inter- 
mediate in character between that from a 
perfectly black body and polished platinum 
by determining X„^ by means of a bolometer 
and a dispersion apparatus. 

This has been done for a number of radiators 
by Lummer and Pringsheim. The maxinium 
value of T is given by 2930/X^ and the mini- 
mum by 2620/X,^. 


Hot Object. 

Ar«. 




fX. 

abs. 

abs. 

Arc light . 

0-7 

4200 

3750 

Nernst lamp . 

1-2 

2450 

2200 

Welsbach mantle . 

1-2 

2450 

2200 

Incandescent lamp . 

14 

2100 

1875 

Candle 

1-5 

19G0 

1750 

Argand burner 

1-55 

1900 

1700 


(iii.) Comparison of Wien^s Law and Stefan- 
Boltzmann's Law to 2800° C. — The work of Lum- 
mer and Pringsheim and their contemporaries 
was carried out before the researches of Holbom 
and Yalentiner, of Jacquerod and Perot, and 
of Day and Sosman had established the high 
temperature scale in terms of the gas thermo- 
meter, consequently it is difficult to form any 
precise estimates of the limits of accuracy to 
which the radiation laws may be regarded 
as proven at high temperatures. Recently 
Mendenhall and Forsythe have made a 
comparison up to 2800° 0. between two 
pyrometers, one based on “ fourth-power ” 
law and the other on Wien’s law. The 
pyrometers were calibrated by observations 
of the melting-points of gold and palladium, 
the values for which, on the scale of the 
nitrogen gas thermometer, had been deter- 
noined by Day and Sosman. 

(iv.) The Optical Pyrometer. — This, as used 
by Mendenhall and Forsythe, was of the 
disappearing filament tjqpe described in § (3). 
The principle of the instrument is that of a 
telescope. An image of the hot object is 
superposed on the filament of a small electric 
lamp. Matching is effected by making the 
apparent brightness of the image identical 
with that of the filament by varying the 
current through the latter. 

Since Wien’s law is applicable to mono- 
chromatic radiation and not to the entire visible 

^ There is no theoretical basis for the application 
of the law to the radiation from platinum, and 
subsequent invostiRations have shown that A»tT is 
not a constant for polished metallic surfaces, but 
increases with temperature. The constant value 
obtained by Lummer and Pringsheim is duo j)ossibly 
to the small range of temperature employed, or to 
lack of polish on the radiating surface. 
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spectrum, it is necessary to isolate as narrow 
a spectral range as possible. Generally tins 
is eftected by the use of a piece of good red 
glass ; in the present case, however, they 
employed a spectroscopic eyepiece. The 
latter has the theoretical advantage of giving 
a narrower band and consequently a nearer 
approach to the ideal conditions contemplated 
by Wien’s law. The width of the band trans- 
mitted was determined and found to he 200 
A.U. (0*02 fi) with a centre at X =0-658 jjl. 

The calibration of the instrument, i.e. the 
relationship between intensity of radiation and 
the current necessary to match it, was effected 
by the use of a system of rotating discs of 
measured aperture. 

Taking the logarithmic form of Wien’s law% 

If balance was obtained with clear apeiiure 
on a “ black body ” at temperature T^, and 
an apparent temperature T 2 w^as obtained 
through a sector of transmission ratio /:, then 

logio /j = ^ ~ f;) ^ 

so that, by a series of observations on a furnace 
maintained at a constant known temperature, 
it was possible, by employing a series of discs 
with various values of k, to calibrate the 
pyrometer over a range of temperature! The 
apertures of the discs were measured by means 
of a dividing engine. Two steady temperatures 
were used as checks on the calibration. 

The minimum aperture employed was about 
“ riiT*” This proved difficult to fnake accur- 
ately, and on measurement was found to 
be 2° 1' 50" instead of 2°. This error, how- 
ever, would only produce a divergence of 
5° 0. in the computed scale if the nominal 
value of 2° angle had been taken. 

(v.) The Total Radiation Pyrometer . — It will 
be observed from a study of Fig. 4, § (4) — 
article on “ Total Radiation Pyrometry ” — 
that the “ total radiation ” pyrometer was 
enclosed'in the evacuated chamber containing 
the furnace, while the optical pyrometer 
observations ^vere taken through a glass 
windows A small correction was necessary 
for the absorption of this window in the 
visible radiation. 

The results of the intercomparison are 
summarised below : 


No. of 

ComiiariHons. 

Temp. °C. 

"^Optical 

Ti>tal Radiation. 

Ranine of 
Observations. 

9 

1750 

Less than 4: 0*5® 

2® 

7 

2200 

+2° 

4 

3 

2500 

About” +2® 

4 

4 

2800 

+ 1° 

7 


The difference is systematic but not greater 
than the possible error of experiment. By an 
alteration in the assumed value of either 
Cg or X the systematic difference could be 
eliminated. For example, Mendenhall and 
Forsythe state that if, instead of 0-658 the 
value 0-657 /^is taken the differences disappear. 

L Practical Types op Optical Pyrometers 

§ (3) The Disappearing Filament Type. — 
This type of pyrometer was introduced about 
twenty years ago by Morse in America, but 
the principle involved — the matching of the 
brightness of a lamp filament against that of 
the hot object — was in use as far back as 1888. 

In its earliest form the Morse Pyrometer 
consisted of a metal tube about 3 inches in 
diameter and 8 inches long, open at both ends, 
and provided on one side with a projection 
serving as a means for holding an incandescent 
lamp. 

At the centre of the tube was mounted the 



lamp, which was connected in series with a 
battery, rheostat, and milliammeter. 

The instrument is shown diagrammatically 
in Fig. 2. 

In making a temperature measurement the 
operator holds the pyrometer in front of his 
eye and, looking through, observes the lamp 
filament superposed on the furnace or hot 
object as background. Owing to the different 
distances of lamp and furnace from the ob- 
server it is necessary to vary the accommoda- 
tion of the eye when looking at one object and 
then the other. 

By adjustment of the rheostat the current 
in the lamp is varied progressively until the 
lamp filament and furnace appear equally 
bright. When the filament disappears against 
the furnace as background, the current 
through the filament is a measure of the 
temperature. 

Holbom and Kurlbaum modified the 
instrument by adding an objective and eye- 
piece. The objective projects an image of 
the furnace upon the plane of the lamp 
filament, and the fatigue of the eye due to 
constantly varying the accommodation is 
avoided. 





646 


PYROMETRY, OPTICAL 


Tkeoretically, the image of any source as 
observed through a particular telescope will 
not vary in brightness vith a change in distance 
from the source (except, of course, differences 
due to air absorption, etc.), providirig a certain 
solid angle is always filled with radiation from 
the source and this angle is of such size that 
the cone of rays entering the eye is constant. 
This angle is generally determined by having 
the eyepiece at a fixed distance from the pyro- 
meter lamp and having before the eyepiece a 
limiting diaphragm of such size that it^ is 
always filled with light from the objective 
lens. It is also necessary to have a fixed 
diaphragm between the objective lens and 
the pyrometer lamp (see Fig, 3). 

In all modem instruments of this type a 
red filter glass is fixed in the eyepiece. 

This serves two purposes : 

(a) The matching of the intensities is 
facilitated, as practically monochromatic radia- 
tion is obtained, so there are no colour chffer- 
ences at high temperatures. This is of 
particular value in dealing with surfaces 
which do not radiate light of the same com- 
position as that emitted by a black body, since 



Fig. 3. 


A, hot object ; B, objective lens ; C, entrance cone 
diaptuagm; D, pjTometer filament; E, eyepiece 
diaphragm ; F, eyepiece ; G, red glass. 

the intensity of radiation of any one colour 
from such surfaces increases progressively in 
a definite manner as the temperature rises. 

{b) The scale of the instrument can be 
extrapolated on the basis of Wien’s law, em- 
ploying a rotating sector or absorption glass 
for cutting down the intensity of the source. 

In recent years Forsythe and his colla- 
borators at the Nela Research Laboratory 
have made a thorough study of this form of 
pyrometer, and shown how many of the errors 
in temperature measurements with the instru- 
ment may be avoided by attention to the 
details of the design. 

A modem form of disappearing filament 
optical pyrometer made by the Leeds & 
Yorthrup Co., which is largely used in the 
industries, is shown in Fig. 4. The tube is of 
aluminium and the instrument constracted as 
lightly as possible for convenience in using. 

In the Standard Pyrometer of the National 
Physical Laboratory, used for precision work, 
two lamps are fitted, and they can be readily 
interchanged so that a check is obtained on the 
permanency of the calibration. The rotating 

^ A detailed discussion of the red filter class and 
absorption screens is given later, as they perform the 
same functions in all types of optical pyrometers. 


sector is arranged just in front of the lamps, as 
the experiments of Mendenhall and Forsythe 
have proved that in this position the definition 
is practically independent of the pt'sition of 
the opening of the sector relative to the 
filament when crossing the field. Tlie difficulty 
only occurs when taking the temporaturo of 
small objects such as incandescent lamp 
filaments. 

Extension of the Scale above IJi-OtP 0 . — The 
range of temperature that can be measured 
in the ordinary way by an optical pyrometer 
without some device for cutting down the 
intensity of the radiation from the hot object 




is from 700° to 1400° C. The comparison 
source cannot be run at much higher tem- 
peratures than 1400° C. without rapid deteriora- 
tion. The scales are extended by the use of 
absorption devices or rotating sectors. With 
the early form of disappearing filament pyro- 
meter, the absorbing device generally used 
consisted of two black glass mirrors incliried 
at an angle of 45°. In this arrangement the 
beam of light from a hot object is reflected 
twice at an angle of 45° incidence, and thereby 
weakened to about 1/200 of its original in- 
tensity. 

To extend the scale of the pyrometer up to 
about 2700° C., the usual practice at the 
present day is to insert a 2 )iece of neutral- 
tinted glass in the path of the beam fnnn tlio 
furnace or to employ rotating sectors of 
definite aperture. 
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A discussion of the methods of computing 
the transmission factor is given later. 

§ (4) IVIiCROPYROMETER. — Burgess has de- 
vised a valuable instniment of the disappearing 
filament type, which he terms a m'icropyrometer, 
for the determination of the melting-points of 
minute specimens of materials. 

The apparatus {Fig. 5) is somewhat similar 
to a Joly mcldometer, with a microscope 
pyrometer, which is focussed on the specimen 
resting on a strip of platinum heated by a 
current. 

Witliin the Huyghens eyepiece of an 



ordinary microscope a small incandescent 
lamp is mounted. In series with the lamp 
there is an ammeter and rheostat operated in 
precisely the same manner as in the ease of a 
disappearing filament type of optical pyro- 
meter. The eyepiece of the microscope is 
fitted with, a piece of good red filter glass. 

For temperatures exceeding 1400° C. an 
absorption glass is placed between the micro- 
scope objective and the furnace window. 

The tip of the filament of the lamp is set to 
the same brightness as the platinum strip 
viewed from above at the instant of melting 


of the metallic or other specimen on which 
the microscope is focussed. The eye of the 
observer sees the specimen, the platinum strip, 
and the lamp filament all in focus at once. 

§ (o) CALiBRATiaiir. — The methods generally 
employed for the calibration of optical pyro- 
meters cannot be adopted for this particular 
form of disappearing filament pyrometer. The 
most convenient method is that originally used 
by Joly, which is to observe the lamp currents 
at the known melting-points of tw^o or more 
pure substances, such as gold, nickel, and 
palladium, and from the equation express- 
ing the relation betw’een temperature and 
current (in lamp), the temperature of melting 
of any specimen may be computed. For 
moderate temperature intervals the equation 
log C=a-{-b log T may be used, where C 
is the current, T is the absolute temperature, 
b a constant very nearly unity. 

The melting-points of nickel and palladium 
were taken for calibration purposes. 

The accuracy of the equation was checked 
by extrapolating to the melting-point of 
platinum, which could be directly observed 
by matching the lamp and strip at the instant 
the latter burnt out. The value 1755° C. ±5 
was obtained from six observations. 

An atmosphere of pure hydrogen was main- 
tained in the enclosure, to prevent oxidation 
of the metal under test. 

For those metals for which the melting is 
sharp, such as nickel, cobalt, and iron, a 
precision of 1° to 2° was possible with only a 
few thousandths of a milligram of material. 

§ (6) The Polarising Type op Optical 
Pyrometer. — Konig in 1894 described a new 
type of spectrophotometer. In this instrument 
the two beams of light were resolved into 
two spectra and comparison effected between 
beams of identical colour throughout the 
spectrum. In 1901 Wanner applied the 
essential priuciples of this instrument to the 
design of an optical pyrometer. In this case the 
radiation from the hot object is the one beam, 
while the light of constant intensity from an 
electric lamp supplies the comparison beam.^ 

(i.) Description of the Instrument . — The 
essential features of the instrument will be 
understood from Fig. 6. 

The radiation from the hot object is received 
through a small circular hole while the electric 
lamp illuminates tlie matt surface of a right- 
angled prism, which in turn directs the light 
on to a second circular hole symmetrically 
disposed with the first about the optical axis 
of the system, 

^ The current through the lamp is maintained at 
a predetermined value by means of a rheostat and 
ammeter. From time to time the intensity of the 
beam given by the electric lamp is matched against 
that from an amyl acetate lamp by adjustment of 
the current. This renders the scale of the pjTO- 
meter independent of the permanency of the electric 
lamp. 
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A lens renders the two beams parallel, and 
a Rochon prism splits each beam up into 
comi^onents polarised at right angles. 

The function of the biprism lens is to pro- 
duce deviation in the beams of such amount 
that an image from each of the two sources is 



Fig. 6. — Diagram illustrating Wanner’s Modification 
of Konig’s Spectrophotometer. 


brought into juxtaposition. On consideration 
it will be seen that the biprism splits each 
image up into two, thus bringing the total up 
to eight. 

These images are semicircular patches 
uniformly illuminated. The two in juxta- 
position are polarised at right angles, and are 
viewed through the eyepiece, the other 
images being screened out. 

The Nicol prism N can be rotated around 
the optical axis, its position being indicated 
by a pointer attached. 

To understand the precise functions of the 
various optical parts it is advisable to consider 
the effect of each individually. 

In Fig. 7 the contribution of each component 




Fig. 7. — Diagram showing Junctions of various 
Optical Parts of the Spectrophotometer. 


The arrows -< — and ^ indicate plane of polarisa- 
tion. Eight images are formed in all, of which six 
are stopped out. 


is shown. The circular holes are at the focus 
of the lens, so the images produced will be 
uniformly illuminated circular discs, i.e. of 
the face of the lens, which the biprism splits 
up into semicircles. 

To understand the function of the Nicol 


prism suppose for the moment that the two 
beams are of equal intensity, then, with the 
plane of polarisation of the Nicol prism 
making an angle of 45° with the direction of 
polarisation of either beam, a uniformly 
illuminated circle would be observed having a 
diametrical line across where the two fields 
come into contact. 

‘ Rotation of the Nicol prism in either 
direction will cut down the intensity of one 
of the beams and increase that of the other. 

Hence, if the beams are initially of unequal 
intensity, matching of the intensities, as 
viewed through the eyepiece, is possible for a 
certain position of the prism between the 
extinction positions 0° and 90°. 

(ii.) Theory of the Polarising Type of Pyrometer, 
— ^It is proved in textbooks of Light that if 
and I2 are the intensities of two plane polarised 
beams of radiation matching at angles 0^ and 
^ beam of constant intensity, such as that 
from an electric lamp, when viewed through 
a Nicol prism, then : 

Ii_tan^ 01 
Ig^tan^ 02* 

In optical pyrometry, by the insertion of a 
direct-vision prism or a piece of suitable red 
glass in the path of the two beams it is possible 
to work with narrow spectral bands and con- 
sequently apply Wien’s law. 

According to this law the intensity of light 
of wave-length X emitted by a “ full radiator ” 
is given by the expression 



Suppose Ii is the intensity of wave-length X 
at temperature Tj ; Ig is the intensity of 
wave-length X at temperature Tg. 

By Wien’s law 


T A_ 

Hence = = 

io tan- 02 


Taking logarithms to the base e. 


2(log tan - log tan <p^) ^ j , 


30 that the relation between 0 and T is of the 
form 

loge tan0=a-fj2. 


Hence, if a series of values of 0 and T 
are obtained, when log tan 0 is plotted against 
1/T, the points should fall on a straight line. 

Theoretically, a single determination of the 
angle 0 corresponding to a known temperature 
T, together with a knowledge of and X, 
should suffice to give a complete calibration of 
the instrument. In practice, however, it is 
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very difficult to obtiiin perfection in tho 
o})tical parts and freedom from strain in tho 
lonai'iS, and this affects tho polarised beam. So 
it is generally advisable to calibrate tho 
instrument against a “ black body ” over the 
entire range. 

.Mx2)cri(’inco with, commercial forms of tho 
pyrometer indicates that tho divergence from 
tho theoretical lino is greatest near tho ex- 
tinction positions owing presumably to defects 
in tho Nicol ])risms and scattering of light. 

^7) (Ialojkation oii^ THE Instiitjments 
Kmiurioally. 'The calibration of ojitical 
pyrometers can be readily effected by reference 
to a standardised thermocoujdc in an electric 
furnace arranged to give approximately full 
radiation by a series of diaphragms suitably 
disposed. 

Jfig. 8 shows a fuimace arranged for optical 
l)yromotor calibration up to 1370° 0. 



t'la. 8.- -Dtignun llluHtratlnK tho (hnistruothm 
of a I^’urnaco for Optical I’yi’omotor <!ulibnition. 


The pyrouK^ter is sighted upon tho central 
di{0)hragm, wlu(3h has tho junction (,)f a 
thermojuiu'Uon on its surface to give tho 
tctnp<iraluro of ib(3 on(3loHUr(‘. 

Ih)r r(3pi’(3seniing tho rclationshij) between 
curniut and totnp(5rature in tho case of tho 
(liHai)p(Miring lilament type of x>yi*<>«wter a 
j)aral)oIu! formula 

(h a4-l7/r-i-cT» 

is Huffi(‘iontly aeciurate. Whilst for tho fxdaris- 
ing type th(3 formula 

log tan (j) a-l >p 

should hold for th<3 major ])ortion of tho scale if 
th(3 opliic.al [>ari>s ar(3 hi correct adjustment. 

§ (8) Wtandahdi.sation hy Osmehvation oe 
Tranhition Points. It is possi hie to calibrate 
ofitioal pyronu^tcu’H by dir(3(3t observations of 
.rre(35<ing- or nu^lting- points, without tho use 
of a th(3rmocouplo as intermediary. 

In th(3 (!aso of mahnials which ro(]uire a 
reducing atrnosplu^re and do not reaett at liigh 
t(3mp(3ratur(3H wilh gra[)hito, Kanolt employed 
the jfollowing method : 



The substance was contained in a graphite 
cruciblo with re-entrant tube carried from the 
lid, as shown in l^ig. 9. 

The crucible w'as heated in a grajihito spiral 
furnace and the pyrometer sighted on tho 
bottom of the tube ; this ensured that 
a])proximately black body conditions wore 
obtained. 

On plotting tho heating or cooling curves a 
woll-dofinod halt was observed at the transition 
point. 

Tho following metals and salts wore em- 
ployed : Antimony, (530° 0. ; copper-silver 
eutectic, 779° 0. ; silver, 960-5° C. ; copper, 
1083° C. ; diopside (molting), 1391° 0. Pro- 
longed heating of diopside in contact with 
graphite had no apparent effect on tho value 
ohtaiued for tho melting-])oint. 

Attcmjits have been, made by Holtman and 
Meissner to emph^y a similar method in the 
case of tho palladium freezing-point. 

A hard porcelain cruciblo 
and tube were used with an 
oxidising or mmtral atmo- 
sphore around tho metal. It 
was found tJuit thc3 molten 
Iialladium attac^kod tlie por- 
celain with tho formation of 
a brownish substance. 

An additional diinoulty 
was th(5 “ spitting ” of tho 
fused metal, accompanied 
hy considerable temporatui’o 
fluctuations ; this could not ho prevented 
oven hy the jiasHago of a stream of i)ure 
nitrogim into the metal. 

Eor the direct calibration of a p.yr()mcter 
in terms of tlio luolting-poiut of jialladium tho 
simplest proccdun^ is to make the palladium 
wire a part of an ('hv.trical (dreuit and lu^at it 
up in a furnace under “ black body” conditions. 

Tho melting-point (iaii ho dctccjted by the 
hnuik of the ciresuit, and tho tcinporaturo at 
this instant should ho Tiotc^d, 

'.rile melting-point of platinum can also bo 
cmiiloyed as a lixed })oint in tho same way. 

§ (9) (■ALinuATroN OE Ortu'ae Pyrommtkks 
BY (JOMPARIHON WITH A StaKDARD INSTRU- 
MENT. — When an optical pyrometer has Ixam 
standardisiMl hy rel’erence to high timifX'iralsiro 
melting-points and its scale <!alculai(3(l, it is 
not a (Unieult matter to calUu'ato other instru- 
ments hy comparison. 

A carbon tube furmuic is suitable for 
tenqieratures u]) to about 2500° (t This 
tyjie of furnaeo is very simple in construction. 
The (sarhon tube is damped in water-cooled 
electrodes and heated by a (‘urrimt of several 
hundred amperes. 

The iiicandos(‘<ent tube is ])rote(de<l from 
oxidation by tilling tho furnace sliell with 
tiiudy divided lamp-black and the ends are 
(‘losed by thin glass windows. A stream 


ITa. 0. — Omiihite 
OriKuhle with Re- 
entrant Tnbi‘Hup- 
Iiertcul I'l’om the 
,Lld. 
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o£ nitrogen is passed through the tube to clear 
away any smoke produced. 

When the furnace is at a steady temperature 
the pyrometers are sighted in turn upon a 
plug of carbon fixed about midway in the 
tube. 

If instruments of identical construction 
have to be compared it is not essential to 
have a “ black body,” and the plate of a 
tungsten arc lamp^ constitutes a convenient 
hot object to sight upon. By arranging the 
ionising filament so that it can be heated inde- 
pendently of the current through the arc, it 
is possible to obtain a range of temperatures 
for the plate. 

§ (10) Relative Merits of the Pis appear- 
ing Filament and Polarising Types of 
Optical Pyrometers. — The filament type is 
essentially a telescope, and oonseq_uently it is 
easy to select out the object whose temperature 
is desired ; the polarising type does not permit 
of a sharply defined imago ; in fact, the 
field should be a uniformly illuminated semi- 
circular patch. A blurred image of the hot 
object is, however, distinguishable by moving 
the eye about a little. 

With the polarising type it is necessary, 
when taking the temperature of a metallic 
surface, to sight normally since the light given 
out at oblique incidence is largely polarised. 

The polarising type has the following 
advantages : 

1. Extrapolation of the scale on the basis 
of Wien’s or any other radiation law is readily 
effected, as the instrument is essentially a 
photometer. 

2. The temperature scale is independent 
of the permanency of the electric lamp, which 
is set from time to time against an amyl 
acetate lamp. 

It should be observed, however, that 
accuracy in this setting on the amyl acetate is 
of fundamental importance. 

§ (11) Wave-length of the Radiation 
transmitted by the Red Filter Glass. — 
Over the range 700° to 1400° C., through which 
it is possible to calibrate an optical pyrometer 
against a thermo -element under “ black body” 
conditions, it is immaterial what the wave- 
length transmitted by the filter glass may be. 
But when it becomes necessary to extend the 
scale to high temperatures, the use of a rotating 
sector or an absorption glass is necessary to 
cut down the intensity. The higher range is 
calculated on the basis of Wien’s law as 
follows .* 

Calculation of the Constant of an Absorption Glass 
or jRotating Sector . — It is assumed that the absorption 
glass or sector cuts down tho intensity of tho light 
from the hot object in the ratio of ^ 1. If is 

tho observed temperature without absorption glass, 

* Tlicse arc mamifaetured by the Ediswan 

Co. for optical ])rojection purposes. 


and Ta the apparent tem])crat,nro of tho same objc'ct 
with absorption glass, then by Wien's law 

_ fA 

ATi, 


Co 



where Cg is a numerical constant “ whoso valno i i 
14,350 micron degrees, and \ is tho wavc-lengt.h ; 
so that Ti can ho calculated from tlu' observc'd 'Tjj if 
k and X are known from indo])cnd(‘nt measurements. '■ 

If tho rod filter glass was strictly monochroniailc 
the wave-length transmitted X would bo a constant. 
Thus it would })o the same for any eiu'rgy distribution 
and temperature of source. 

As it is impossible in practice to obtain nbsolntvly 
monochromatic tiller glass, the (jiu'stion aris('S w’hic'.h 
particular wave-length in tho spc^ctral ba,nd t rans- 
mitted by tho glass is to be employed in the eahnila- 
tions ? 

In order to clocido u])on tho np i)ropriaie wave- 
length it is necessary to consider tho function of tiio 
filter glass. 

Now the (juantitios which arc actually compared 
in pyromotry arc the integral luminosities as obS('rv<'d 
through tho filter glass, so it is obvious that tho wave- 
length to bo employed in calculation (or tho 
** clfectivo ” wavc-longlli as it is termed) must bo 
such that for any definite temperatures itii.('rval tlio 
ratio of tho radiation intensities for this wa.v('-j('ngth 
according to Wien’s law shall (‘qufd tlio ratio of tlu' 
integral luminosities as observed t.hrougli the glass. 

§ (12) BeTIOHMI NATION OF THE "LfFEOTIVI') ” 

Wave-lengths for vartoits Temperatprio 
Ranges. — Tho following nufiFod for the (bfixu*- 
mination of tho “ offoctivo ” wavcvhmgth for 
the interval betw'oon two dolinitx^ tic^npcra- 
turcs of a full radiator has bcMUi doHcifibod 
by Hyde, Cady, and Fonsytbo. Otluu’ 
methods, depending on a knowltnlgo of tlic^ 
sensibility curve of the eye, bav(^ been (h^- 
scribed by tho same authors, by Firani, and 
by Foote, who gives a niathomatiiud tre^at- 
mont of the question. 

(i.) Direct Determination , — Tho ratios of the 
intensities of emission of tlu^ source for a 
number of wavc-longtlis are incasured, and 
those ratios coni])aro(l with t.lu^ ivi.tio of tJu^ 
integral luminosities of the radiation from IF(') 
source, when observed through the nnl glass 
under test. 

Those inoasurcunonts (laii ho nuul(^ in tavo 


ways : 

In one sot of measunuuimiH the ratioH of (bo 
intensities of radiation an^ tnoa.MUi’(Ml with a 
spoctropliotomotor, and llu^ ratio of (b(^ 
integral lurninositioH with a .buinnna’-.Brodliun 
photometer having tho rod giass ov(u' tlu^ 


“ For a diHcuHHlon of the vnbie of this eoiiHlant. H(‘e 
'‘Radiation, Dctennluntlon of laws of,” §§ (0), (11), 
( 12 ). 

“ This (‘x:pr('HHion is also applieabhi for rahiiilat lug 
the small ahsorjtion (‘Ifect of a glass window cloHlng 
a furnace. 
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oycxDioco. In tho other set the ratio of the 
inton.sitios an^i measured with a spectral 
pliotomotor (Henning typo), and tho ratio of 
tho integral luminosities with an optical 
pyromotex’, either disappearing filament or 
polai'ising typo, with tho rod glass over tho 
eyepiece. 

(ii.) Indirect Deterynvnation, — Tho results oh- 
tained by cakiulation from tho transmission 
curve of the rod glass (from which tho integral 
luminosities are calculated on the basis of 
Wien’s law) and the sensibility curve for tho 
eye ai'o in (dose agreement with those obtained 
by (lir(‘ct (‘xperiment. 

IMie procedure for obtaining tho values of X 
is laborious, and is x’osortod to only in the ease 
of standjird instruments for use at tempora- 
tunss ex(‘.ee(ling 1500” 0. 

koote adopts tho indirect method, but develops 
tho uu'ithod of computation, so that tho efTcctivc 
wave-length for a definite teinporalure is obtained 
instc'ad of over an interval of tcunpivatiiro. 

Ills nu'thod of cakmlation is as follows: 

Let tlu' transmission ocx'iru'knit of the glass, i.e. 
tlu' ratio of ('iiergy transmittc'd to the incichmt enc'rgy, 
be <l('noii(‘d l)y K\ TIkmi h f(\), whore /(X) is an 
unicnown funotion to Ix^ (Udcrmlncxl expCTinmntally. 
And J('(. tlu^ visibility (uirvc for tho av('rago oyo bo 
r('pr('H(mt('d by 

V--h(X). 

It is ju>t ne(!(^SHary to know tho mathomaiioal equa- 
tions for thoH(^ as tho grai)Iuo forms-of tho funotions 
are (jnUo eonvcmmnt. 


tempe'rature '' 

I'l is 


'"CiX-'^c 

and at T 2 



p] 1 , 

HO that 



Siiuu’i X may hav('i any arbilrary value, it can. bo 
elioscii HO as to give the ratio of to tin*' same 
value as tlu^ ratio of tlu^ inU'gral luminositws sec'U 
■througli tile lilk'r glass. 

L<‘l I./1' duminoHiiy at temjierature Ti, 

L.jt I luminosity at temperature T^. 

I’luui 

rno 

Li-'i Kim\- . K(\, l\)k{\)Yi\)d\, 

.0 ,/() 

.rr, 

.0 ,K(N,T,)/,<,\)V(X)<A, 

Jo 

■'■'1 

L, and L.j can be (U'U^rnunt'd by graphical ink'gra- 
tion. Ix't tlio ratio be any (le(iiuic numlKT. It is 
poHsIhk^ to HO choose X iii the relalJon that 


I Er,,yH,j,^=L^/L 2 . Cjall this value of X, X^r. Jly 
substituting in tho above expressions wo have 


Mean Xm~ 


k>g<i L 2 


log.! 

This is merely tho mathematical form of tlie definition 
of effoctivo •vvavc-k'ngili j)ro])osed by Hyde, f-ady, 
and Forsytlic 

Instead, howov r, of roft'rring thc^ ('fiectlvo wavo- 
length io a given tem])eraturc interval i.o T 2 it 
may be referred to a definito temperature l)y letting 
the two tomperatures approach one another. 

Assnming Tj^ and constant and dropj)ing the 
sufiixes, let T 2 and L 2 a])proacli tlieso value's as tlu'ir 
respeotivc limits. Then 


(n-i) 

log Ij 2 


X,^— limit of - - , 
log J 

becomes, when numerator and denominator have 
been separately difierentiated with respect to T, 

1 

— Corp *’ T 

.. “T“ CoL 


I (IT ■ 
‘L(/L 


dT 


hut 


rCO 

- I MYdK 

dT dTJo '0 

sinoo only E is a funotion of T. 

Again, E«ariX”®c 

Ca 


dK 

d' 


dl 

(IT 


y ^ V ’ 


. . L 

T“"*/ T d\ / -y d\ 
•l-./o ^ Jo ^ 


kYMX 


f 

X 

- tr/j 

jo X ' 


d\ 


'This is the o(Tcotiv('i wavc'-h'ngth for a glass of trans- 
mission J{\) for t,('mi>('rature d’. 

d’o find Xwt. tlu'rriort', it is m'cc'ssary to plot the 
traiiHinission curves L\ for the ghiss, the' visibility 
curve, V, for tlic cyej, and tlio energy curve, E. of 
tho H(>urce% 

The jiroduct of corresponding ordinate's would 
give a new curve', the^ are'a of which is fhe nunu'rator 
of the fraction re'jirese'nting X«i. 

tSimilarly a curve'* obfairu'd by dividing each ordinal, c 
of tho prewiems curve by its X would give' a curve 
the are'a of whicli is the eU'iiominator of thefracflon 
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A t3rpical series of curves is shown in Fig. 10. 

But Foote points out that instead of plotting \ 
in terms of EW as ordinates, the ordinary luminosity 



curve, we may plot VE^'/X as ordinates. Then the 
value of \m is that value which corresponds to the 
centre of gravity of the curve with respect to the 
EAV/X axis. 

Hence the true effective wave-length of a pyrometer 
glass is the wave-length corresponding to the centre 
of gravity of the curve ^(X)=EVIVX plotted in terms 
of X, that is, the luminosity at any wave-length 
divided by the wave-length and expressed in terms 
of the wave-length. 

The value of L can be determined for various 
values of T, and hence a curve found for Xm as a 
function of T. 

In Fig. 11 is shown the results obtained for typical 
glasses employed for filter screens. 



§ (13) Effect of Change op Temperature* 
OP THE Filter Glass on its Transmission 
Coefficient. — Another factor which irifln- 
ences the transmission coeflBcient of the red 
glass is its actual temperature. 

Some observations have been made by 
Forsythe on the transmission curves for a 
specimen of red glass when maintained at two 
different temperatures 20° and 80° 0. The 
results are shown in Fig. 12. Curve A gives 


the transmission of the glass at 20'^, wdiilo 
curve B is the corrc!S])ondmg one vvIumi its 
temperature is 80°. The transniission is hIiovmi 
to decrease with increasing temperature; i.ho eo- 
efificient of change being greatest in the 
wave-length. Tho change is sucdi as to make! 
the transmission band apf)oar to shift to longer 
wave-lengths as the tem])craturc is in creased. 

A test was made of tho effect of this tempera- 
ture shift of the transmission band on t(un- 
perature measurements wlicn the red glass 
was used as a filter screen before tho (\yopi(Hto 
of a pyrometer. The tomperature of a earbon 
filament lamp operated at a tom])eraturo of 
about 1900° K ^ was measured with ilio rod 



Fig. 12. — Spectral Ti'ansmissk)]! ofji Singh! 

ThickiKNSS of Class F-'ir)12. 

A at 2l)“ a, Ji at 80° 0. 

glass tomperatiiro at 20° and 80° (t, using a 
sector disc with a 2° opening, as this gives a 
larger effect than a sector disc of gi’cattu’ 
transmission. It was found that thtu’o was a 
decrease of about 5° C. in tho toinpenituiH^ 
obtained when the glass was hoat(Hl to 80° 
over that obtained with a glass at room 
temperature. Hence it may bo inferred that 
for aU ordinary room tomperature elmnges tho 
effect is negligible. 

§ (U) Speotroscofio EYEi>ui:cE.“-Pra(!ti- 
cally all inodorii optical ])yromctorH luivo r(Ml 
filter glasses for producing approximate mono- 
chromatic radiation, and as shown a.hov(! it 
is possible to obtain tlu^ (dhuitivu! wa,v(!-l<!iigi,h 
of such a glass, which is (upiivah^ni- for th<! 
purposes of calculation to tho caw! of (xuIcH-.t 
monochromaiisitL 

Tho early forms of oi)tical pyromc'h'r of tiu! 
polarising type had din^ct vision [)nHmH in 
j)Iaco of filter glasses, but practi(!al n!<|uire- 
monts domaud(Ml that th(! slit oruMilng should 
be so wide that tho spectral hand t-ransmillK'd 
was no bettor than that transmitted by a 
filter glass. If, however, tlu^ conditions of 
tho experiment are such that narrow(!r sliis 


' Tho symbol K deuotoH th(! absolute tlu^nao- 
dyuainic sonic of temperature. 
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arc p(\ssiblo tbo .sywicm o{^olvs certain advan- 
ifigcH. Mcndonhall, in some of his work on 
the (liHaj)j)caring type of optical pyrometer, 
used a s])octr()HC()pio cycpicco. The litmont 
conaiHts of a small auxiliary eyepiece, and a 
totally rcllecting })rism which slides in a side 
tube just beyond the lamp. The images of 
the comf)ariHou li lament and of the hot surface 
are thrown in shar]) focus across the middle 
of the spoctroBcopc slit by means of an intor- 
inediato achrtunaticj lens, the primary image 
of the hot surface having ])revi(>iiHly been 
brouglit into the plane of the com])ari8on 
(ilauK^nt by banissing in the usual way. 

Idle eyej)iece and ocailar slit of variable 
Avidth are movable with a micrometer screw, 
giving about 500 divisions for the visible 
s])octrum, and it is easy to work with an 
ocular slit covering n(At more than 25 A.U. 
(—0-0025 /jl). The field then show’s a central 
band duo to the f lament bordered by light 
from the liot object. 

A comparative series of testa on the same 
objoot under the same conditions, employing 
ill the one (lase a speidroseojiie eyepiece and in 
thoothcra piee.e of r(‘d Oiuia glass having a maxi- 
mum ordiuatc at X 0*052 g, is givim below’. 
Tlio distribution of light in the transmission 
a}) 0 ctrum of tlu'i red glass was determined by 
Hjioctrophotometrie obsiuvations : 


Tcmpcrntur<‘, " (\ 

'r('inp(Tatur<\ 0. 

(dllSH. 

Spectroscopic i'iycpi<M*.c. 

1003 

1002 

1858 

1801 

1000 

1000 

2000 

1095 

2370 

2380 


§ (15) RoTATlNd >S MOTOR MmTHOD of RIfl. 
RUOINO TUM InTICNHITY IVY A DMFlNrTM AmOUNT. 

Rotating secdors have Ix^oi) advocated by 
some observers for cutting down the intensity, 
siiieo it is then possible to obtain the eoenicient 
of transmission by actual measuremimt of the 
sector, 

(i.) The AVirfinv. -““'Mendenhall em])loyod 
sectors Rh5 cm. in diamotor. With discs of 
this diameter it was found possible to cut 
radial opimings as small as 3”, giving a factor 
of f/120. 

absimeo of any error duo to diffraction 
was proved by eomjiariug the elTeet of ten 
(xiual and si'paratc opmiings with that duo to 
a single opiuiing of the same total area. 

’’idle range of tetnporaturo availalilo with 
various-si/.ed sevitors is illustrated by the follow- 
ing exam ple : 

A ))yrometer calibrated with full aportur(» 
]\ad n. scah^ covering the range up to '1540‘' C). 
(uudting-point of jialladiuni) : with a 1/60 
sector tlio range was from 1755" to 2482" 0. ; 


and with a 1/180 sector the scalo was cxi ended 
to inelndo the melting-point of i»iingsten 
(3300° C. approx.). 

For the very small apertures it is advisalilc 
to use a largo disc : Mcndonhall employed one 
of 27 cm. diameter with, an ojioning of 1*7 mm. 
at its narrowest part, whilst sectors 35 cm. 
n diameter or bigger are desirable in preeisioii 
work. 

The table below gives the transmission 
value of a number of sectors and the apparent 
tcmporatiiros T^. 

ThMPERATITRU OORRMSPONDraa ro niFirSUIUXT PUR- 
cimTAuics or Tnu Kadiation from a Black 
Bom’ lUQLI) at Tim PlUMiniRATURK OF Mfltino 
PAtLADUJM (1828 Pro. K), USING RifiD (Ilass 
WITH AN Effsotivk Wavb-lengtu wurori 
VARITSS as is shown IK OOLUMN 2. 


^ 2 “ 1 4,350 g degrees. 


Tniiisiuission 
of S('ctor.* 

k,n* 

'i\ Peg. K. 

0*740 

0*0052 

1785 

•400 

•0053 

1727 

•2443 

*0()55 

1032 

•0830 

•0057 

1500 

•0330 

•0058 

1420 

•01008 

•0050 

1350 

•00542 

•0002 

1207 


Last digit in this columu approximated. Hoiitors 
about 35 (uu. in dinmetor. 


(ii.) i^j)eed of Itoiaiion of the ^^eetor/i. — 
h’orsytho has investigated the specvl necessary 
for rotating soetors and his eoncilusions are : 

The sector must rotate at sneh a speed that 
no fUc.kcir is notiecablo. To accomplish this 
the altornationfl must he at least 30 to 40 
per second. This is for tiho condition where 
the oi)ou and (dosod spaces of the sector arc 
about o(iual in size. If there is a viuy gnvit 
(lilfereiua^ between tlie open and closcxl ])arts 
of the sector, as for instance in the ease of i-ho 
2-dcg. sector with two I -deg. openings, the 
s])eod must l>e higher. If tlie motor available 
will not rotate the sectors fast enough when 
there is but one opivniug and one (dosed ])art, 
it is often a great help to make more open 
spaces. A good ]>lau is to have six openings, 
which will reduce the lu^coHsary hp(hh 1 con- 
siderably. For a small sector having a 1-deg. 
openiug this is inpiossihle without making 
the sector too large, becuiuse if the sector 
opening is too small thero is danger of an 
error due to dilfimttion. In this (^aso, with 
a sector 35 cm. in diameter, it is neux^ssary 
to have a motor tliat will rotate it something 
likt^ 3500 r.p.m. 

In ,/(%. 13 are sliown the values found for 
the transmission of a iHO-dc'g. see, tor as a 
function of the speed in alternations fuu' six'ond. 
This transmission was measured with the 
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O 8 16 24 32 40 

A^lternatlons per Second 

Fig. 13. 


optical pyrometer. It can be seen, as shown in 
the curve, that the value found is constant 
and equal to the transmission of the sector 
for alternations above about 30 per second, 
but below that the transmission at first be- 
comes smaller and then larger, and an apparent 
transmission of over 100 per cent is obtained 
for a speed of alternations of about 1 per second. 
The transmission, of course, approximates 100 
per cent for zero speed. 

The values found for the transmission for 
si^eeds corresponding to alternations between 
10 and 30 per second are due to a flicker which 
bothers the observer. It might be that another 
observer would get slightly different values for 
the transmission of such speeds. For speeds 
slower than 10 alternations per second the 
observer attempts to make settings when the 
open part of the sector is passing before the 
opening. There is a very great flicker and 
settings are at- 
tempted, using 
only the bright 
part. The value 
found for ex- 
tremely low 
speeds is due to 
the apparent 
over-shooting of 
the brightness of 
the source when 
viewed only for the short time as compared 
with the pyrometer filament, that always has 
about the same brightness. 

If the sector has a long opening measured 
in the direction of the radius, care must bo 
taken to always use about the same part of this 
opening. This is to avoid error due to the fact 
that the radial sides of the openings may not bo 
straight or may not be in a radial direction. 

§ ( 16 ) Absorption Glass for REnnciNG 
THE Intensity. — For most work the use of a 
n.eutral -tinted glass is to be preferred on 
account of its simplicity, but it has the dis- 
advantage that the effective wave-length 
shifts towards the green with increasing tem- 
perature. The best neutral glasses arc far from 
being neutral. The transmission coefficient 
of the glasses obtainable varies considerably 
through the visible spectrum. 

In Ftff. 14 are shown some typical trans- 
mission curves for various absorbing glasses. 
The degree to which it is necessary for the 
absorbing screen to have a spectral trans- 
mission independent of the wave - length 
depends on the monochromatism of the filter 
glass. It is evident that if the red filter glass 
is absolutely monochromatic any absorbing 
glass will be satisfactory. If it transmits a 
band of appreciable width, then colour differ- 
ences are encountered which renders the 
matching of the brightness extremely difficult. 

The total transmission of the absorbing 


screen when used in conjunction with a red 
glass in the eyepiece in the usual manner can 


.22 16] 
S 
















n 

J 




















- 


\ 







L 








\ 




^"1 

~ 


->- 

L 











V 












/ 

A 











> 


rs 

. 



2^ 


ry 





- 

D" 











1 ” 




0-48 0-52 0-5G 0*60 0-64 0-68 0-72 0*70 
Wave-tength ~ 

Fig. 14. — Spectral TransmiHsion of Various 
AbsorbiiiK (fiaHHCH. 

Curve 7?, Jena absorbiiiff ttlasH 1 -5 mm. tlih^Ic ; curve 
C, Noviwcid, obhiined from (JorniuK (JIumh Works, 
.shade about 0; curve I), Leeds JSortlirui) absorl)- 
ing glass made of purple and gr(‘en glass. 

bo calculated for any black body distribution 
by the following formula : 


Total transmission coofficiont 


Jo 

Jo 


where E = black body energy for interval X to 
\+ and V = visibility, and - ■- apc^ctral 
transmission of rod and absorbing glaHH(^H 
respectively. 

It is evident that if tlio fi[) 0 (diral trans- 
mission of the absorbing glass is dilToront for 
different wave-lengths, the total iransniission 
will be a function of the tomi)oratiU‘o of tb<^ 
source under investigation. 

In Fip. 15 is shown, as a function of tbo 



Temporaturo in dogracs K 

Fig. 15.— -Total Transmission of Absorbing <aasH(^H, as 
a Func.tioii of T('nip(‘rature wlu'n UH(‘d with Hod 
(dassNo. — 5-8 mm. thick. 

Curve J, two i)ieeeH J(uia ahsorblng gljiss ; /q oiu' 
pioeo Jena absorbing glass: (/, .Noviw(‘l(l glass from 
Corning (fiass Works. ()iirv('s drawn tliroiigh poinfs 
caleulatcul from tlu^ abov<i equation. ( !rosH(^s r('pr(>sent 
values oL’ transmission obuiIiuHl with optical pyro- 
meter. 

tomi)eraturo of the source, the total trans- 
mission for rod ligld of the absorbing gln.HH<^H 
having the spectral transmission given by 
curves B and 0, Fig, 15, 

The data wore obtained by Forsytlu^ who (nn- 
ployoda double tiuckru'iSH of tln^ red li I ten' glass 
whose spectral transmission xs shown in Fig. 1 3. 
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§ (17) DiSTiumjTroN ok Rnkuciv in tiiw Hhat 
Emission Spnotrum of tiif Miotals and 
( lORRFOTION TO OPTIOAR PyrOMFTJKR KfAD- 
INOS. — Whilo PlaiR'-k’s formula is capable of 
rcprcHontmg Avith cionsidorablc accuracy the 
disirihutiun of otiergy among tlio wavo-lcngibs 
of the spectruin of a “ full j'adiator,” the corre- 
sponding iiroblcin for a metal has not y(d» 
been solved. Attempts have been made to 
apply a modiheation of Wien’s form of equa- 
tion to represent the distribution of energy in 
the heat sj)ectra of the metals, such as 

-r'a 

Eor fjlatinum Paschon obtained the value 6-4 
for a ; hummer and Pringshoim, 0-0 ; wliile 
Mdlauley, in a detailed inveatigatum, was un- 
able to find any constant value of a to satisfy 
(dther the ccpiation or a modiliod form of 
Planck’s. 

A conHidcrablo amount of experimental data 
has been accumulated, which is of practical 
value, insomuch that it permits of the calcuhi’ 
lion of the corrections to temperature observa- 
tions on such surfaces when taken with an 
opiit'.al pyrometer ealibrated under black 
body ” coiulitiouH. 

Unfortunaticly, liowever, such corrections 
(laii only be n^gardcHl as approximations, sinei^ 
it has hiHui shown tliat the sliglitest oxide 
lilm seriously alteebs the emissivity of a metallic 
surface. 

5’h(^ work done on this subject may bo 
rouglily groupiul utulm’ two headings : the 
one in whifdi experiments have h(^<ui made 
with speed, ral bands of appreeiahlo width, 
sueb, as those obtained in ju'actical forms 
of optical pyrometers, and over extended 
ranges of tmnixu’atui’O ; the other in which 
ex peri nua its have b<vm mad(^ with almost 
moDoebronialie illumination for various wavo- 
haigths in tlu^ spectrum, the investigation 
being usually eouhnod to a few steady tem- 
pi'ratun'S. 

§(bS) Emissivity of Iron Oxidiq.— When 
iron is luMited in air to a temperaturo of 
aJ)out 800" (t its surface becomes covered 
with a britth^ (^oatiug of oxide, aivparontly 
e-ousisting of KeO and in various pro- 

poi'tioriH, In apjiearaiuie the surface is silky 
and piUiul with luinuto deiiressions, which 
f)r()du(;o the .sanu^ cfToct as a collection of 
minute “ black bodies,” and conseijnently the 
HurfaiH' has a high emissivity, .Burgess and 
Poote hav(5 measured the emissivity of this 
oxide surface. 

A small Hami)le of the oxide was luxated up 
oil a platinum strip and its apparent temfiera- 
tur(^ ol<H(U’V(^d with a disappearing iilament 
typ(^ of opticial pyronu^tcr, having a rod glass 
with transmission band at \ - -O-Or) g. 

I’lie true tornjxwaturo was obtained by 


placing on the platinum strip minute specimens 
of NaCll, NajiSO.p and Am 

The table below gives the emissivity of the 
oxide surface at various toniperatun^s : 


JMTi'ltinK- 

of 

Truo T<'m- 

(J. 

Apijavoiii 
'roniponi- 
tUI'O, " <!. 

Avorai(o 
Uovintiou 
from Alcan. 

KiuiHrtivRy. 

NaOl 

801 ±1 

i 801 

d=l*5 

1 *00 

NaaNO.i 

884 ±1 

882 

±3 

04)7 

Au 

10G3±2 

10.58 


04)4 


The emissivity is (§ (12) (ii.)) given by the 
equation 

11 X , T. 


where T is the true tomporaturo, 

Ba is the observed tomporaturo, 

X is the wave-length of light considered 
measured in g units, 
c.> is Wien’s (‘.onstaut (it was assumed to 
be 14,456).^ 

The emissivity apixuirs to doen’oase slightly 
with increasing temperature, which is the ease 
also with nhdccl and other oxides. 

'’J’hoauthors ignore tlio observation at S0l‘'(!,, 
and by extrapolation — assuming a straight lino 
— obtain the following corrections to reduce 
aiiparent to tnu^ temperatures : 


Observed dNnniX'ratun^, 
^’0. 

C(>rr(‘,(4Ion, 

0. 

(500 

0 

700 

0 

800 

•1' 1 

1)00 

•1* 2 

1000 

■ 1- 4 

1 lot) 

-1" (5 

1200 

pio 


§ (19) Bmishivity of Cotcfr and Oufrouh 
OxiDte.-— Burgess investigated tlio emissivity 
of a clear <;opper surfac-i^ and one of the 
oxides, employing the (UHapi)earing Iilament 
typo of ■[lyrometor with reel (X- - 0*6.5 ^i) and 
green {\ 0*55 /<,) glasses. 

Th<^ copfjor was contaiiued in shallow (‘.ru- 
(tihles of magm^sia and graphite, about 8 cuu, 
inside diamotm’. TIk'ho were luaitiHl in a gas 
furuae.is and by regulating the gfis and air 
supply it was jinssilile to ol)tain ilther the 
cliMir metal surface or the oxide surface, d’ho 
crucible was set in the funiaci^ so tha.t the 
flames eandd not play on the surfaces and also 
in such a posiUou as to avoid dinHd radia- 
tion from the walls of the (srucihk^ into Mn^ 
pyronuder. 

In the case of the rough oxide surfaet^ dilTuse^ 
reflection from the surface might vitiate tb(^ 
observations. But wlieu sighting on, the 

The value generally accc'pbal at the T>ri^Hcnt date 
is 14,1150. Tile factor *4045 - - log lo 



656 


PYEOMETRY, OPTICAL 


mirror-likc surfac© of ijliG niiolteii. in6tal only j 
sj^ecular reflection was possible, and there 
could be no error due to this cause, unless the 
image of some hot object was aetually visible 
in tie telescope. 

Temperatures were measured by means of 
a thermo-element bent into the form of a crook. 

From the observations the following equa- 
tions were deduced, in which t is the true 
temperature centigrade and s the apparent. 

(i.) Clear Molten Copper Surface. 

Red light (X = O' 65 fj.), 

t = l'5l5s~zm. 

Ctreon Light (X = 0*55 fi ) , 

i = l'515 5-477. 

Hence at the melting-point the apparent tem- 
X^erature, with the red glass, is too low by 130°. 

The green glass gives a temperature 78° 
higher than the red glass throughout the range. 

Burgess states that in deducing the equa- 
tions a slight allowance was made for the fact 
that the optical readings would tend to be too 
high on account of the slightest traces of 
impurity ou the copper surface. 

The maximum difference between the ob- 
served and computed values of the tempera- 
ture over the range 1073° to 1200° C. was 
about 13°. 

(ii.) Cuprous Oxide Surface,— The formation 
of an oxide film caused an apparent increase 
of 100° in the temperature of the molten 
copper when observed -with the red glass, 
and 35° in the case of the green glass. 

The smaller increase with the green glass is 
due to the fact that molten copper radiates, 
strongly in the green. This greenish appear- 
ance persists in the case of incandescent solid 
copper, as may be observed by adjusting the 
gas feed to remove surface oxidation. 

The relation between the apparent and true 
temperatures, in the case of the oxide, is not 
quite linear. This can be seen by a considera- 
tion of the data in the Table below, which 
refer to the red light of wave-length X=0*65 [jl. 


Pyrometer Beading, 

°C. 

True Temperature, 

“C. 

Molten Copper 

950 

1082 

975 

1118 

1000 

1156 

10i25 

1193 

mo 

1231 

Cwprous Oxide 

900 

903 

950 

958 

1000 

1020 

1050 

1087 

1100 

1159 

1150 

1233 


FMissivrrnis 


Tomperature, 

^ (J. 

A = O' 05 joL. 

A /A. 

Molten Copper 


1075 

0-17 

()-47 

1125 

0-15 


1175 

O-bl 

()-32 

1225 

0-13 

0‘28 

Cuprous Oxide 


1000 

0-80 


1100 

O-OO 

0*08 

1200 

(0-49) 

(()'49) 


The corrections necessary to tom])Craturo 
observations with an optical or total radiation 
pyrometer when siglitod on copper and copper 
oxide surfaces are shown graphically in JCg. 1(5 



FiGf. 10. — ^Black Body TcmiXTaturcs for bhpiJd 
and Oxidised CopiXT (A-O-Of)//,). 


§ (20) EMiP«rvrTV of Soud and brQiTTO 
Gold. — Gold is one of the metais which 
docs not oxidise api)rooial)ly when heated. 

Both copper and gold omit greenish or 
bluish light at high tetn[)orainr(‘H. Htuhbs 
and P,ridoaux made a study of the oinissivlty 
of gold. The radiation of the varioun wave- 
longtliB was measured by moans of a Kdnig 
apoctroxibotomctor and direct corn])ariHon inack^ 
with the radiation from a “black body” at 
the same temperature. 

The metal was contained in a silica (^apHtih^ 
of 4-5 cm. diameter and 0 mm. (hn^p, dflio 
“ black body ” was placed in oxacily the same 
position for the second exf)oviment. It coti- 
sisted of a cylindrical graphite block, ,U cm. 
long, 5 cm. in diameter, in tlu^ (urntre of which 
a hole 12 mm. in <Uameter by i) cm. d(Hq) w/is 
bored. 

True temperatures were obtainc(l by Tnoims 
of thermocouples. 

In. the case of the gold the two eouph^s 
dipped into the metal, one on (dtlnn* side of 
the field of view. Owing to the shallownesH 
of the depth of immersion ati error of the 
order of 0° at 1000° 0. was introducHul in the 
observed readings. A correction was applied, 
this being determined by obst^rving fbo ap- 
parent freezing-point. Two couples W(‘re also 
embedded in the graphite. The blaek body 
conditions were sufficiently perfect to inakc^ if 
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imx^oRHiblo to diatinguiah the white thormo- 
OQUplc wlion H projected into the central hole. 

(i.) Luf unties or Inequalities in the Gold 
Surface . — Any alight surface film present was 
found to produce an increase in the rod radia- 
tion in which the gold spectrum was weak. 

The impurities wore got rid of in the case of 
the molten surface by the application of borax. 

The solid gold surface proved to bo more 
difficult to obtain free from oxide. 

It was found that a surface turned flat, 
treated with four grades of fine emery powder 
and tlien with jewoller’s rouge, gave an ap- 
parently perfecit mirror. On heating, however, 
a conspicnious red lilm was produced. This 
(ilm could be removed by repeatedly treating 
the surface with borax at a tomporaturo near 
the tnelting-})oint. Although a clear, aolid gold 
surface was obtained wdion the liquid solidihed, 
it was generally uneven owing to contraction, 
cryatallisation, etc., and consequently reflected 
heat from the furnace walls into the spectro- 
photonioter. 

Occasionally by very slow cooling an area 


discontinuity occurred in the emiasivity wave- 
length relationship, the relative cniiaaivity in- 
creasing in the rod and decreasing in the violet. 
Roughly the emissivity for red light of the 

O-G 
0*5 

^0*4 

*5 

'SS 0-3 

.00 

i|a-2 
0-1 

0-45 0-50 0-55 0-60 065 0-70 

Waue-length In ju 

PiQ. 17. — DiaKtam to illiiatrato Emiasivity of Gold. 

solid gold is only about threo-flftha that of 
molten gold. 

For the limited range of temperature in- 
vestigated (110° 0. in the case of the molten 
state) no change of the relative emissivity of 
cither molten or solid gold with temperaturo 
was obs(u*ved. 


N 

\ 






























Emissivity oi*' (Iolu in tuk Sorui) Statu 




Temperature, ‘M). 



Wave-hMwtU. 

0-1 0". 

10.UV‘. 

loor’. 

1040".* 

M(‘an EmiHsivity. 

()'7bM 

1'0-10.1| 

jO-l.'M-l 

0-1 o:i 

0-105 

0-103 . 

0-0712 

[0-1401 

0-114 

0-114 

0-110 

0-114 

O-OKM) 

jO-lOO] 

0-ld4 

0-i4:i 


0-143 

0-0 Ml) 

10-1081 

0-172 

0-171 

0-178 

0-175 

0-5800 

0-2-11 

0-229 

0-221 


0-220 

0-50-10 

o-:u5 

0-201 

- 0-280 

0-301 

0-301 

0-5-118 

o-:}70 

0-571 

o-aoG 


0-371 

0-5180 

0-520 

0-405 


0-510 

0-404 

0-100 1 

0-505 

0-402 


0-541 

0-531 


Data glv(ui In ihla coliiiun relVr to a Hurl’ac-e naturally cryatalliHiHl from tUo luolteu state. 
ValiK'H (umUmed In brackets [ j were olitairuMl with a siirl’ac(^ having a sliKht llliu over it. 


could b(^ obtained which was fr<H) from un- 
(iviMiness. 

The following values wiu’e obtained for the 
omisHivity of moltiMi gold at th(^ tcmiporaturo 
of its free/Iug- point : 


Emissivity ok’ Dold in Tum Moi/nw Ntatw 


Wav('“ 

leuf-d'h, 

Emissivity. 

Waviv 

huigth. 

Emissivity. 

0-7014 

0-184 

0-5040 

0-347 

0-0712 

0-203 

0-5418 

0-390 

0-0400 

0-232 

0-5180 

0-434 

0-0140 

0-203 

0-4001 

0-473 

0-5805 

0-304 

0-4750 

0-503 


I^or solid gold at various tcnqioratures the 
valiums tabulated Ixdow wci'c^ obtained. The 
data are sJiown graphically in Fiq. 17, 

Stubbs and Pridi-iaux oliservod that in pass- 
ing from the solid to the molten state a sharp 


Erom the above values of the (unissivjtiea 
the “ blaek body ” or true t(nni)cratureH 
corresponding to various values of tlie apparent 
tompiu'atures can nvulily be caloulatc'd from 
tlio relationship : 


where FaVI^-a in the emissivity for wavo- 
lengtli X. 

q^IUTIQ TllMimitATURK, l()G:b2° 0. 


Wave-lenj^th 
iu /A. 

.'Vppareiit OkuniKTatiiUN "(b 1 

Hclld State. 

Mcltmi Stat(*. 

0-7014 

801-5 

931 

0-0490 

925-5 

950-5 

0-5895 

004 

982 

0-5418 

1000 

1003 

0-4901 

1025-5 

1019 


VOL. I 


2 ir 
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The data in preceding table give the apparent 
temperatures by Wien’s equation for various 
wave-lengths corresponding to a true tempera- 
ture of 1003-2° C. 

§ (21) Solid and Molten Coppee and 
Silver. — An investigation on the same lines 
as the above described in the case of gold was 
carried out by Stubbs for the metals silver and 
copper. 

(i.) Copper . — The metal was contained in a 
silica pot and heated in a closed furnace with 
a hydrogen atmosphere, the observations being 
taken through a glass wdndow (microscope 
cover glass). 

The block of copper (4-2 cm. diameter) was 
turned up to a flat surface, rubbed smooth 
vith emery paper, and polished -with metal 
polish. The use of rouge was avoided as it 
was found to tarnish on heating. No trace 
of filming was observed, and the surface 
showed no deterioration until a temperature 
of about 10° from the melting-point had been 
attained, when recrystallisation rai^idly set in. 



Fig. 18.— Diagram alioTf'iilg Einisaivitios of 
Solid and Molten Copper. 

and this produced stray reflection of light 
from the furnace wall into the photometer, 
owing to the roughening of the surface. 

A perfect mirror of molten copper, free from 
film, Avas obtained without difficulty. 

The emissivities for the solid and molten 
copper for various wave-lengths are shown in 
Fig. 18. The values are for a temperature of 
1010° C. for solid co])per and 1130° C. for 
molten copper. As in the case of gold, there 
is a discontinuity at the melting-point, but of 
smaller magnitude. 

The values differ markedly from those 
obtained by Burgess described above. 

This may be due to the fact that the ex- 
perimental conditions in Burgess’ work were 
less favourable, jind that the red glass of his 
pyrometer transmitted a comparatively wide 
spectral band (100 gg,), wiiile the width' of the 
band in the photometer employed by Stubbs 
and Prideaux was 8 

(ii.) Silver . — It was unnecessary to take the 
extreme precautions for the exclusion of oxygon 
in the case of silver as for copper. A satis- 


factory reducing atmospliero was ])rodiicod 
by placing a small quantity of powdered 
graphite in the furnace bclcnr the crucible 
containing the silver. The solid metal surface 
lost its polish on heating, so that no measure- 
ments could bo made of its true cmissivity. 

The emissivity of the molten surface for 
various Avavo-lcngths is show'ii in Fig. 19. 

There appeared to be a slight inereaso in tlu^ 
relative emissivity with tom[)erature, but 
oAviiig to the small niagnitiid(i of the coeffieient 
the authors are in some doubt as to its r(uil 
nature. 

The apparent tcmi)craturos eorres|)()n(ling 
to the various wave-lengths at the melting- 
points of the metals are given b(h)W' : 


Wavc- 
lenRth 
in /iju- 

Ciopper, m.i). 1083" (t 
Al)i)i)ir('nt 
Teinp(U‘ature. 

Silver, m.p. OOP’ (!. 
(bl(|iii<l.) 
Apparent 

Soliil. 

Lhiuul. 

Toiuperature. 

700 

89G 

017 

702 

050 

024 

942 

804 

600 

1)00 

073 

810 

560 

1007 

1003 

831 

500 

1028 

1020 

845 


§ (22) Emissivity oe ]h)i.rsnEi) Platinum. 
— The pcrnianoney of a jiclished platinum 
surface greatly sim[)lilies the siudy of the 
emissivity of the metal at high tc^mpcuviiturivs. 

Holborn and Kurll)a.um, and VVaidmu* and 
Burgess have indepeiuhMitly investigahHl the 
difference between tlu^ appannit and tnu^ 
tern p( matures for airproxiiiuitely rnonoehro- 
matic radiation of a jilatinum Hiui’aec^ hire 
former employed a small box of platinum, 
with a thermocouple in the int(M*ior, to giv<^ 
the true temj)oratur(\ the apparcuid t(unp(u‘atmH^ 
being obtained by means of an opti(^al pyr-o- 
nictor. 

The latter worked with a Joly nu^ldonudor*, 

1700 
■^*1000 
1500 

S’ 1400 
Q 

^.1300 
3 1200 

2 1100 

CD 

I’ 1 000 
000 
"S 800 

^ 700 
§ GOO 

500 
60 

True Temperature, Dog. (hint. 

Fig. 19. — lleluti()iU)(‘tW(HUi TriKuiiul Apiuu’cnt 
Temporaturcis for liatlmim (A 0*(5r)l g). 

which consists of an oh'ctrirniJIy luxated 
platinum strip the exi)anHien of ‘ which is 
measured by a niioroimdor screw. 
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The a])paroiit toinporaturo of tlio strip was 
(lotomiinocl with a “ diHappoaring iilamont 
typo of optical pyrometer. 

True toin])oraturos wore obtained by cali- 
brating the strip by inolting-points of pure 
inotals and salts. 

Tho electric contact micrometer permitted 
of accurate doterminations of letigths corre- 
sponding to the molting- tom ])oraturos of minute 
specimens heated on tho strip. 

Tlic relation between apj)a]*cnt and true 
temperatures is shown in Fiff. 19. 

§ (123) DrsTniuiTTioN of Enkkgy m Tiiiii 
SmooTRA OF Platinum, Palladfitm, and 
IVntaluim. — McCauley has investigated the 
distribution of energy in the heat s])ectra of 
j)latinum, palladium, and tantalum over a 
wide range of tenpierature. 

Tho ox])oriments wore made on electrically 
lieatod strips 3-5 cm. long, 0-05 mm. thick, 
by 7 mm. wide, folded int(j w(‘.dgo-Hha])cd 
hlamonts with 12° angular opening. 

'Jlio “ true tom))(''rature ” was dediiocd from 
observations of th(^ radiation from th(^ interior 
of tho wedge, using a disappoaiing lilainent 
typ(^ of optie.al pyrometer. *• 

distribution ol' <mergy was obtained with 
the usual Hp(Hd.ro-holonietri(5 arraugenuMit. 

With tantalum groat ptHHiafiitions luid to he 
ialuai to obtain the higliest vaeuiim in the 
enclosure containing the iilament. The slightest 
tracM^ of residual gas woul(J eaus(i the rcsistan(K) 
to iiK'-rease rapiclly, ibo tmTal heusnning brittle 
and losing its nud^allit! appearance. 

If tho vn,e.uiun was satishuitory the metal 
after heating renmim'd bright ami 'ductile 
except for a slight Halting olT at tho higliost 
iemp(uvdiur(‘s. 

Tlic s[)ectral (uiorgy curves for platinum, 
palladium, and tantalum were p(n’fo<d4y coii- 
tinuouH and showiul no bands of sclcetive 
emission. Tdu\y resemhltMl generally those of 
a hlaek body,” but no modilKiations of Wien’s 
or Planck’s formulae were found ca[)ablc of 
riwunbling the curv(^s ovi^r the range. Taking 
the gemu'al form of Planck’s e(j nation, 


and dei(U 7 nining a nu^an value of a from the 
data of a givcm isoth(u*mal curve, M(5Paul(\y 
found that Iho eomimted emission for palladium 
was in gcuuu'al from 4 to 7 times smaller tliau 
tlu^ ohH(u’V(Ml valium at d g. 4’he agreement was 
IkHPu' for shorter wjwi^-lengths and eorre- 
Hpondingly worse for long(u' ones. 

Por all threi^ nu'tals the emission ditninishes 
mor<^ rapidly than that of a “ hlae-k body ” al. 
tlie same punperature in tlu^ infra red. 

9410 wave-length of maximum emission 
shifts much, more slowly towards tlu^ shorter 

^ This (Uwl(*(^ for obtaining "full mdlatlou" is 
dlscusHed In detail In § (21). 


wave-lengths for increasing temperature than, 
for a “ black body,” esjioclally at tho higher 
temperatures. The ])roduct increases 

with tonij)craturo, and tho constant value for 
platinum found by Luminer and Pringsheim 
is probably in error, d’hoir value of "2()20 
is correct only in tho neighbourhood of 
2000° abs. 

§ (24) M KLTrNG -POINTS OF RiOFRACTORY ELE- 
MENTS AND (Compounds. — For melting-point 
determinations at toinporatures oxcoeding 
1500° 0. it is advisable to cni})loy some typo 
of ])yromcter based on tho laws of radiation, 
preferably of tho optical typo. 

Tlio measurement of tho apparent temj^era- 
turo usually presents no dilhculty but tho 
dolormination of tho emissive ])owcr, andhonoo 
tho correction of “ apparent ” to true tem- 
peratures is a troublesome o])cratk)n. 

If the conditions permit of tlio material being 
lieatod und(‘r black body conditions, then tho 
true melting-point can be obtained by direct 
observation. 

Kanolt, for example, determined the melting- 
point of ih('! refractory oxiclos — lime, magnesia, 
alumina, and eJiromium oxide — by heating in 
a graphite spiral furnace. 'The material was 
contained in a crmuhlo with re-entrant tube, 
and a heating up cui've taken with a pyrometer 
sighted on the bottom of the re-entrant tubc^ 
(see Fig, 10). At the melting-point a halt in 
tho timo-tmnperature curve is observed. 

Tho material of tho erucihlos had to be 
chosen so as not to rea(d witli the charge, 
(ilraphiti'i and tungsten erucihlos wore found 
satisfactory for the above oxides. 

Hometinu^s the matiu’ial is so costly that 
HuOic-UHit ([uantity to (ill a (u-iuahle (iannot he 
obtained, so tho direct nietliod cannot ho 
employiKl. 

M(uid(udiall and Ingersoll adapted the 
Nernst glower as a soun'.e of high temperature 
heat sup()ly for the fktermination of the 
melting-points of rhodium and iridium. A 
polarising typ(^ of jiycoinetiu* was used for 
taking the temperature of tlio NTornst hlanuMit 
(boo JHg. 20). Tho ajiparatus was oalihrati^d 



from tho known vahu^s of the melting-points 
of gold, palladium, and platinum. The metal 
under test was in the form of a minute globules 
diameter of the order of 0-05 mm., which was 
ol)sorved by means of a inieroseo[)e. By 
careful mani])ulation of the mirreui through 
the glower it was possible to maintain one pari 
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melted and the other part solid in the case of 
most of the metals. The method, of course, is 
only applicable to metals which draw into 
clear metallic beads and which give consistent 
readings for successive melts. 

The metals tungsten, tantalum, and 
molybdenum being readily oxi disable cannot 
be studied by any of the previously described 
methods. Hence the experimental arrange- 
ments must be such that the electrically 
heated sample gives ap- 
proximately ‘‘full radia- 
tion.” 

Mendenhall accom- 
plished this by means of 
a narrow wedge opening 
formed by folding on 
itself a sheet of the 
material being studied. 

The arrangement of the 
apparatus is shown in 
Fig. 21, where F is a flat 
conducting ribbon, heated 
by a longitudinal electric 
current, as shown, and 
folded on a line parallel 
to the length so that 
the resulting cross-section perpendicular to 
the current flow is a very narrow V — say 
with about 10® angular opening. If the 
ribbon is of uniform thickness and width, 
it will be raised to a uniform temperature by 
a given current, except near the ends. The 
inside of the V might be then expected to bo 
a close approximation to a black body, since 
it has hut a small opening and uniformly 
heated walls, and if this were so, observations 
on it with an optical pyrometer would give 
the true temperature of the inside walls. Tho 
outside of the V will give radiation character- 
istics of the material of the ribbon. 

The q^uestions arise : 

(1) How closely does the radiation from the 
inside of the V approximate to that of a 
black body at the temperature of tho insido 
walls ? 

(2) How much real temperature difference 
is there between the inside and outside 
surfaces of the wall of the V ? 

The first of these two questions is answered 
by considering the building up of radiation 
vithin the V opening by multiple reflection. 
In Fig. 22 a V opening is formed by bonding a 
specular reflecting shoot. 
Points A, B, C, 1), 
E, and F are points 
of reflections for a ray 
Fig. 22- which may ho imagined 

as entering at P. If 
the material of the V is radiating, in conse- 
quence of its temperature, for any range of 
wave-lengths, tho brightness of tho point F, 
as viewed from Q, may be considered as made 


up of various com]X)nonts : lirst, tbaii dno to 
the natural radiation from F ; second, that 
duo to the natural radiation from K renec.icd 
at F; third, tluii due to the natural radiation 
from D whicli is twice reflected at E and at 
F, etc. Limiting ourselves to a small wave- 
length interval, remembering a(‘cording to 
Kirchhoff’s law that tho reflection factor r is 
equal to 1-e, and representing by h' the 
spectral brightness of a black body at the 
temperature of the material of tlu'i V, and 
by h" tho corresponding apeetral brightness 
of the point F as viowod from wo have 
b" —eh' . . . rHl/ 

= eb'(l-r”). 

With a V o])ening of as suggested by 
Mendenhall, 7 i will bo equal to IS. '.riius wiih r 
equal to 0-7 (which is roughly the valium for the 
material used originally by Mendenhall) b"lh is 
found to bo 99-8 per cent, that is, tlu^ radia- 
tion from tho V cavity may he said to be 09*8 
per cent black, a satisfactory approach to 
black-body radiation. 

The second question relating to the tem- 
perature difforonco between the inside and the 
outside of tho V opening was sottlecl by com- 
puting tho difforonco in tcmjioraturo from tlu^ 
known dimonsioiis, the electrical input, and 
tho thermal conductivity of tin* material. For 
the platinum wedgf^s used, M(‘ml('iihall found 
a difference of tlu^ order of a {(nv'’ ieutlis of a 
degree. His results on ])latimim agr(‘ed (|ui(ie 
well with the i)r(^viouHly immtioiicd rcsultH by 
Holborn and Kurlbaum and by Wahliior and 
Burg(‘ss. 

Later Mendenhall and I'orsytho applied 
this motliod with considerahh^ siuaicss to 
tungsten, tantalum, molyhfhmum, and carbon, 

While tho V method of obtaining th(^ Irm^ 
temperature of tho material Ixnug iuv('Hiigai(‘d 
was theoretically a conHi<l<s‘abh^ advauc(‘, it 
loft some uncertainties. 9Le uu^thod (h^- 
mandod a uniform temperature ovtu’ r(flativ<^ly 
largo plane surfac-es. Mor(M)V(u’, in c(ndain 
cases, particularly in connection with tungslen, 
trouble was oxjxu’icmaHl du(’> to the iwo 
separate sheets, found mau'ssary Jit that 
time in making Uf) tlio V, separaiing ho as 
to leave a gap Ixdwcon tht^ two parts, 

Worthing deviHod anotlun* nu^tliod of cfTc(<t- 
ing tho same object. He em|)h)ytMl a hollow 
cylindrical tungsten fllamertt p(U'forat(Ml with 
small holes. This was moimUul in a large 
lamp bulb. 

DeterminationH of the briglitiiuvsH w(M’(^ 
made by sighting on a hole and on Hve adjacuud* 
surface. Tho ratio of tlu^ latt(n’ bdglitm^ss 
to the former when correchal for (I) tlu'i 
difference in tem]>eratur(^ between ilu^ ini<M'ior 
and tho surface, (2) for the dcq)artnre from 
“full radiation” of that froni the inierior 
duo to the prosonco of the liok^ (fl) lor tiu» 
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lack of symnioti'y in the ternj)cratiiro diHiribu-' It is aclvisablo to make the intciiaitioa of the 
lion over tlio iilaniont, gives the omissivo light from the lani])H and the standard 
power for the metal at that temperature. apjn'oximatoly equal to facilitate comparisons 

A linear rclaLiun was obtained between the of the colours. In the table below are given 
oiniHsivo power and the true tomporaturo some data by Ilydo for commercial tungsten 
over the range 1)00° to 2000° C. ; the values at lamps in which the true temperature, the 
those two tem])erature8 being 0*4()7 aird 0*40() colour temperature, and the ap])arent or 
respectively for X — O-OdO g. The correspond- brightness temperature are compared with 
ing corrcc'.tions to convert apparent to true the lumens per watt. It might be remarked 
temperatures are 33° and 375° 0. that the temixwaturo scale is based upon the 

Assuming that the linc^ar relationship bo- molting-i>oint of gold at 1003° C., and the 
tween emissive power and tomporaturo for value 14350 for in Wien’s equation. This 
solid tungsten continues to hold up to the gives the value 1555 for the melting-pohit 
moltiug-point, this occurs at 3300° C. of palladium, whereas the value <)l)tamcd l)y 

The appar(Mit temperature (for rod radiation) Day and Sosman was 1550° Cl. The dilfor- 
oE the melting-point is 2870° 0., and the once, however, is practically within the limit 
cmissivity 0-300. alloAved for exporimoiital error. 


Mumiviary or DnruRMiN'ATioN' or MiCLTiNG-roiNTS or Tunosticn and Tantalum 


Observer. 

Date. 

Method. 

Value, ° C. 

Av<‘rage 

Deviation 

IToin 

. ... 



^ . 

Mean, (t 

WaidiK'r aiul linrgt'HH 

11)07 

MvJlhuj-poinl of 'Vungdan 

Extrapolation 

3080 

28 

l*irar»i .... 

11)10 


3250 


iiuir .... 

11)07 

( Arlxni bilx^ furaaci^ 

2050 

33 

VVarlieida'i’g 

11)10 

Appanad. t(anp('ral'Ure a^nd ndbxjting jiowca’ 

21)30 

30 

Korsytlui . 

11)11 

Vaeunin furiuKai 

W(xlge nn4ho(l 

21)70 

2070 

27 

Ijangimiir . 

1 

11)15 

Appn.rent tempia’aturi'i and we(lg(^ 

Arc metliod 

3030 

3270 

30 

Worthing . 

IDKi 

Hollow liliunent method 

3300 


WaidiKu* and Ibu’goss 

11)07 

McUma-poinl of T(ir\tdkmi 

E.xtrapolation 

2000 


Pimni . . . | 

11)10 

11)11 

AppariMit temperatnre aud relleoiing ])owcr 

3000 

2700 

.. 

horsy the . 

11)11 

Wedge nnd/liod 

2800 

•• 


(25) ( loi.oiut Match: Mwtuod or iinuTru- 
MiNiNd hii.AMMNT ''IhCM 1‘KiiATU lU'iH. — A method 
of (‘stimating tln^ bun pcu’ature of lan\p lilamcnts 
whic^li huN eonu^ into exbsisivc^ use in recent 
y(wu,*H is that baH(Hl on colour maiching. By 
tlio colour i(unp(uutnr(^ is meant the bunpera- 
ture of a full nulialor when its .radiaiion 
tnaiclu'H in e.olour the radiation from the 
inejuuhwHuit irudiab The ndation between 
colout' t(un[)(M'ature and trim temperature for 
tuugsttMi has becai (((dermituHl by Myde, 
(lady, aud h’orsyihe, so tliat it is now jiossible 
to est/nnat(^ tlu^ bunporature of th(^ filament 
of a tungsl-iai lamp liy maiching its colour 
against that of a standard whoso temperature 
is known. 

In practiia^ tlu^ compai’isou Htamlard is not 
a “ bhujk body ’* hut a eomhination of a 
vammm lamp with a filtm*. This lamp is 
run at diirm'oni; vihtagi'S to give the desired 
colour for matching, Tlic lamp (ilamciuts to 
hi^ basted are compari^d liy means of ljummer- 
Urodhuu photometer head with the standard. 


Mdling-pnwt o/ 3075° K. 


BrlKlitiumH 

'I’ompoi’iiLtn'c. 

T<uiiiionil,uro. 

ftir Hnd MIICoIh 
aud Bulb Almiu’iddomi. 

1 

« K. 

U. 

(lolour 

T(iiu[H'ra.Uu'o. 

" K. 

buirunm 

jii'r 

Watli. 

1000 

1701, 

1714 

0-78 

1050 

I75H 

1775 

I 4)4 

1700 

1810 

1B37 

1>4() 

1750 

1874 

1808 

I«H1 

1800 

1032 

loot) 

2*31 

1850 

1000 

2021 

24)0 

1000 

2041) 

2082 

3.50 

1050 

2108 

2144 

4 sOO 

2000 

2107 

2205 

5-20 

2050 

2227 

2200 

0-30 

2100 

2287 

2327 

7-45 

2150 

2347 

2381) 

B'Ol) 


Above table haH(ul on iilie following <H>nHtautH : 
Melting-point of gold, UdUV K. 
Melting-point of palladium, IH2S^' Iv. 
ri'Hult in Wien’s constant e# Ixdng (^<inal to 
Manogxdcg. 
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§ (26) Tesiperattiee Measurement in 
Terms oe Total Intrinsic Brilliancy.— An 
empirical method of estimating teinj)eratures 
which is occasionally used in connection irith 
light sources, such as incandescent lamp 
filaments, is one developed by Raseh. I 

He proposed the relationship 

logH=- j + B 

for connecting the temperature T (abs.) of 
a “black body” and its total intrinsic 
brilliancy H. 

It will be observed that this equation is 
merely Wien’s law, in which monochromatic 
light is replaced by the total radiation visible 
to the normal eye. 

This, of course, is a somewhat questionable 
assumption, but some support is given to it 
by the fact that Crova has shown that, for all 
ordinary light sources giving a continuous 
spectrum, there is one wave-length for which 
the monochromatic intensity is proportional 
to the total intensity. This wave-length is 
about 0*58 ix. 

In order to test Rasch’s equation it is 
necessary to measure the intrinsic brilliancy 
of a “ black body,” i.e. the candle-power per 
sq. mm. It is a difficult matter to do this 
with sufficient accuracy on the usual type of 
uniform temperature enclosure form of “ black 
body,” and the following indirect method 
was adopted by Nemst. 

Nemst lamp' filaments were measured, and 
the relation between the watts expended and 
the candle-power obtained was observed in 
the usual manner by photometric measure- 
ments. 

A filament was then set up in front of a 
“ black body ” furnace, and at a series of 
steady temperatures the filament was brought 
to a temperature when it disappeared against 
the background, i.e. emitted the same intensity 
of light. 

From the watts expended in the filament 
the intrinsic brilliancy of the filament, and 
hence that of the furnace, was obtained. 

The actual temperatures of the furnace 
w^ere obtained by means of a Wanner pyro- 
meter standardised by the melting-point of 
gold (1064® C.), and assuming Cg in Wien’s 
equation to be 14600. 

Rasch’s equation was verified within 10° 
over the temperature range from 1400° to 
2300° C., and from the expeximents the 
constants of the equation were obtaiiied : 

_ 11230 
5-367 -logiolC 

where K is the intrinsic brilliancy in Hefner 
candles per sq. mm. 

This equation requires a correction factor 
if employed for taking the tcxnpcraturo of 
surfaces which are not full radiators. 


For example, tungsten has an einissiviiy 
of about 0-51 for light of X-0-r)() y. 

Hence, if H is the iutriiisic! brilliancy of a 
tungsten filament, and K iliat of a ))laol<: 
body” at the same true teinpcrafcuns then 
H = 0v7lK. 
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I^YK.()MK/rRY, TOTAL RAf)IATION 

Sj(l) ’’I’JIK “ RoURTll-POWPlt’'' Law ok KfADlA- 
TioN. At lyniponiiuiH^H oxeiMxUnp; 1300'^ 0. iho 
praid/hxiJ <Mioouni(n*o(i in iho oho of 

i/honn(»(d(Mn(MiiH, ilKO'inoriHdii'rH, and 

p;}iH lihonnon\(d.orH vory coiiHulorahlo, oven 
innho’ ih(' fiivourahli^ oondiiiioim prevailing in 
lilio lahomdiory. lA)r indoHirial work iho 
(lidi('.idli(*H aii’ci vanily grc'aito’ and other rneiliodH 
have io Ix^ i’<w)rl4Ml io, Hiieh an ihoHO haHod on 
(Ju^ hvwH of radiaifon. VViih pyromeierH of 
ih<^ rn-diaiion (iyp<^ ii in not; no(*.eHHary io 
HuI)j(Mdi any poiiion of iiiHtininunii io ilu' 
(.(Mnp(M*niui’(^ of tih(^ fnnuuu^ and tLore in no 
iipp( 0 ' limit to t/he i(Mnp('rad.ur{^ wlnhdi can. bo 
m(4iHnr(xI. 

^(2)3hii'i S'l'MKAN-Boi/raiviANN Law.-^' -T he 
(Mi.rli(^Hl( HUgg(*Htion of a Him pie ndation con- 
mxding t-he radijiiion from a Hurfaeo and iin 
i(Oiip<o'M,iiir(Mva.H thn.t of Wiefan in 1870, “vvlio 
ohiaiinxl (mipirically the rc^latioiiHliip between 
'io(,aI nidiation and Lmipemiure now generally 
known a.H th<^ ^ fourth-power law.” 

In 18H>I Bollr'/ma,nn gave a tluMjreiical pro<)f 
of lih(^ fonrth-power laav bawkl on thermo- 
dynainie prineiph'H and MaxwcT’n eleeiro- 
magn(dii(< iIi(X)ry of light. Ih^ pointed ont that 
ih(^ law wan only valid for an “ ideal black 
body.” 

''ria^ radiad'ion (miitted by Hueh a body would 
poHHOHH a eharaet(n,* indepemhmt of the pro- 
pertieH of any imriicular HubHtane-e and would 
1)0 identieaf with, the radiation within a uni- 
formly luvited enidoHure. ddiiw eorKseption of 


a perfect black Hurfaco and its ])racticial 
realisation, by means of an cncloanro at a 
uniform teiniierature, is duo to Kircdihoff.^ 

He demonstrated conchisivcly that the 
radiation issuing from a small hole in a uni- 
formly heated enclosure would bo full 
radiation ” for that temperature, such as 
would bo omitted by an ideal black body. 

The simplicity of the law and the fact that 
most industrial furnaces, etc., are fair approxi- 
mations to uniform temperature enclosures 
have been factors of immense service in the 
development of high-tomporaturc ])yromotry. 

The formal statement of the Stefan-Boltz- 
nmnnlawis s = 

where vS is the energy per sq. cm. per see., 

<7 a nnmcrical constant the experimental 
value of which is T3G x gm. cals, 
per sec. j^or cm. 

0 the absolute tomporaturo of the surface, 
the abHolutc tem})oraturc of the sur- 
roundings receiving the radiation. 

Tt will be observed that as a method of 
delining abHoliito temperature the law is inde- 
pendent of the si)ocific ])r()portics of any 
particular subHianco ; the ideal black body 
in (ibis roHpec-t playing the same role as thnt 
of a perfect gas in the definition of the gas 
scale. 

A comparison at one iomiioraturo above 
zero with the gas scale would suffice to deter- 
inino cr and hence connect the two scalos. 

Since, however, Boltzmann’s demonstration 
involvi's an imaginary thermodynamic cycle 
with radiation as working fluid, it is nocossary 
to conlirm the theoretical deduction by experi- 
mental obsorvaiioiis over an extended tem- 
perature range. Shortly after its formulation 
the law was submittixl to tost by various 
investigators ; the most comprehensive series 
of (xxporiruontH were carried out by Jmmmcr 
and PriugHlunm, who investigated the radiation 
from a “ black body” enclosure over the tem- 
])eraturc range .100*^ to 1300^' (\ 

§ (3) Lummnr and Prinohuioim’s hlxmoRi- 
MicNTS. — Bor the meamircment of the radia- 
tion the authors employed a modified form of 
Langley bolometer— an instrument de])cn(Ung 
on the change of elec.trical rcHiHiancc of 
platinum with temperature. Details of the 
instrument are givim later. 

(i.) Apparatm.-- -'fho general disposition 
of the ap]>aratus is shown in Fig. 1. 

A was a hollow vossid containing boiling 
wat(w. 'riiis source of radiation was used as 
a standard of T'(Yforenco for calibrating the 
bolometer from time to lime, since only by 
this means could the variations produced by 

^ Klrchholf ileUiK'S a hhu'k body ’* as one which 
has tlie pnipcrty of allowiUK all incident rays to 
(‘nt(T wiihont Htirface ndk'ci.ion and not tdlowinp; 
them to leave again. Kc'e " Tlu'ory of .lU'at Radia- 
tion" (PhuK'lv ; trans. by .WasluH). 
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changes in the battery current and galvano- 
meter sensibility be eliminated. 

The radiation could be cut off from the 
bolometer by means of a water-cooled shutter. 

The “ black body ” C was employed for the 
range of temperature from 200° to 600° C. 

hollow sphere of copper 
blackened inside with 
platinum black and 
contamed in a bath 
of well- stirred molten 




Fig. 1. — Diagram of Apparatus for 
tlic Range 200“ to G00“ C. 

A. vessel with boiling water; R, bolometer; 
molten salt hath around the hollow spluTC (black 
body enclosure). 


salt. This salt bath could be maintained at 
any desired temperature by regulating the 
flame. The temperature was measured by 
means of a high-range mercurj’’ thermometer 
and a thermoelement. 

The procedure in carr3dng (jut the observa- 
tions was as follows : 

The bath was heated up to the desired 
temperature and maintained steady ; then 
the water-cooled shutter was raised to allow 
radiation to fall on the receiving face of the 
bolometer. When the galvanometer deflection 
had attained its maximum value the shutter 
was lowered and galvanometer zero redeter- 
mined ; if it differed slightly from the previous 
value the mean was taken. 

For higher temperatures, from 600° to 1300° 
C., the construction of the “ black body ” is 
shown in Fig. 2. D was an iron cylinder 
(coated inside with platinum black) enclosed 
in a double-walled gas muffle. The tempora- 

D. T 
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Fig. 2. — Diagram showing (lonstruction of 

“ Black Body,” for tiie Range 0000“ to 1300“ C. 

D, iron cylinder, “ black body ” euclosuro ; T, 
porcelain tube carrying thcmiOGlomcnt ; B, bolometer. 

ture of the interior of the iron cylinder 
was obtained by a thermoelement enclosed 
in a porcelain tube T passing through the 
furnace. 

(ii.) The, Bolometer . — Tilssontially this is a 
Wheatstone’s bridge, the four arms of which 
consist of grids of thin platinum foil similar in 
all respects. The method of connecting up the 


grids is shown in Fig. 3. Grids 1 and 3 arc in 
the opposite arms of the bridge, and the 
strips of 3 are set to receive tlu' radiation 
passing through the gaps of 1. The otlun- two 
grids, 2 and '4, are similarly disposed, but 
shielded from radiation by a box. 

To prevent waiuloring of the galvauonudx'r 
zero, the disposition must 
be as ayinmeirieal as 
possible, and the whole 
instrument enclosed in a 
well-lagged box })rovid(Hl 
with diaphragms to eut 
down the radiation falling 
on tho absorbing snrfac^e 
to a parallel Ixnun of about 
1(> mm. in diameter. 

The grids arc of foil from 
one to two thoiisandtliH of 
a millimetre thick and with 
a rosistanoo of about (SO 
ohms each. 

Theoretically tho quantity of radiation 
received per unit time, for a given difh'uuiee 
of tcmj)orai.ure by unit area, at a distance r 
from a point 
source, varies 
inversely as r^. 

Lummor and 
Pringshciin ascer- 
tained that their 
experimental ar- 
rangements (‘om- 
pliod with this 
theoretical con- 
dition, by taking 
observations at 
varying diatancu\s 
between the 
“ black body ” 
and boloinotor. 

It was found that tho galvanoinoUu: (ledocrions 
varied inversely as tho H(piaro of the distatieo. 
Since the (Quantity of radiation rtxauvcul 
varied as tho differetuio of tho fourth powiu's 
of tho absolute tomporatures of the radiator 
and roooivor, it was no(:oHsary to vary l,lu^ 
sensitivity of tho bolometer in order to Iuh^]) 
the galvanometer doflotitions within imMisur- 
able limits. Two moans of (‘(Toeliiug this we.n^ 
omi)loyod : (1) variation of th(^ WMisitivity of 
tho Wheatstone bridge by changing llu^ halUny 
current; (2) alteration of tlKulistamte h(d^vve(m 
tho “ black body ” and tho holotm^tu-. 

(iii.) The Olmrvatwns.— Tho observatious 
were all reduced to a common unit (arbitrary), 
based on the radiation from the “ hla<dc body ” 
at 100° G. at a standard distance of 6.33 nun. 

If d was tho deviation of the ruHnllo for 
“black body” at absolute temperature ami 
h a constant, tho mean value of which for their 
instrument w^aa 123-8 x 10-^®, then 

d^k{d^-2i)0% 
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whoro 290“ was tho absolute tomi)oraturo of 
the water-cooled shutter (/.e. 17° (?.)• 

Ill Table 1. tlio expcriiaeutal obsorvatious are 
eoriiparod with values calculated from the 
f<)urth-])owor law. ''.rixe calctilated icm])oratures 
ivre obtaiaod by taking tho mean value of k. 


Betw(HMi 100" (j. and 1000“ (t the deviations 
of the e.aleula.t(Ml from the observed tempera- 
tur<\s are small, of the order of 0”, and exhibit 
no sysixauatie variation. Ii(‘tw(^eu 1000° (I 
and IIJOO" (h(^ diHer('i)ane.i<\s are greater, and 
1h(^ obH(M’V(al vahuw are systernatic^ally larger 
tlnux th(^ (aileulat(Hl. It should be rerneinbered, 
hovv<‘v<n’, that their temi)erature sciale is based 
on th(‘ ga,H thermometer work of Ilolboni an<l 
l)a.y, and this extend(Ml to 1150° (I cmly. 
Ikyond this point tho values are based on 
oxtii’apolatlou of the M.M.F\ (-(unperatunumrves 
of thermo(u)uploH, a |)r<K!ediir(^ which has since 


law to 1150° 0. to the same order of accuracy 
as the gas scale was known at that time. 

§ (4) Koitrtii-i»ow.kh.Law Brrwmo^Ji 10(55° C. 
AND 1549° (t — In an investigation, whoso 
primary object was tlie comparison of the 
“ oj)tical scale,” based on Wien’s distribution 
law, and the “ total raclia- 
ticui ” scale, based on the 
fourth-power law, Men- 
denliall and Forsytlio 
checked the Stefan -Boltz- 
mann law at the two tem- 
])oraturc8 1003° G. and 
1540° C. These tompera- 
turcs arc tho melting- 
])oints of gold and 
])alladium rcspeetivcly a,s 
determined by Day and 
So.sinan. 

Tho com])arl8on was 
clTocted in an indirect 
manner. Tho melting- 
points of gold and ])al- 
ladium were observed in 
terms of the sealo of a 
(uuiain optical pyrometer 
under “ black body” eon- 
diiions. The temjxuutun^ 
of H carbon tube furnace 
coidd then bo maintained at those two tem- 
pcM’atures by obsorvaiions with tho oi)iical 
pyrometer, whicdi meredy served as a transfer 
instruruent. d^je apparalais for verifying tho 
fourth-pow(ir law is sliown in Fiff. 4. 

The “ black body ” is the graphite tube T, 
30 cm. long, 14 mm. inside dic.m., and 3 mm. 
wall tliiekn(‘SR. A graphite diapliragm (4 is 
])bi(t(xl 1 cm. from tho centre, the left-hand 
segment being used aB “ black body.” Tho 
coaxial tuhes H and K arc merely to reduce 
the heat loss by radiation, etc. 

Tho apparatus was water-cooled ; the total 


Table I 


T('.ini)enituro 
Gabs. (1.) 
of Blac.k Body. 

I )(' (lection 
(Redu(;ed). 

;.;x 


^^ebs. - ^ciUc. 

im-i 

1,5,3 

127 

374-G 

- 1-5 

4{)2-r> 

(i.38 

124 

402-0 

-P 0-5 

72,3 

3,320 

124 -8 

724-3 

- 1-3 

7‘I5 

.3,810 

J2()-() 

740-1 

- 4-1 

’•‘789 

4,440 

(llG-7) 

778-0 

-1 11-0 

810 

5,150 

12l(> 

80()-5 

-I- 3-5 

8(18 

0,010 

123-3 

8(;7*l 

1 0-0 

’^101)2 

10,400 

(115-0) 

1074 

418 

*1112 

17,700 

(110-.3) 

100.5 

d 17 

1,378 

44,700 

124-2 

1370 

- 1 

' 1470 

57,400 

12,3-1 

14G8 

d- 2 

1407 

oo,(;oo 

120-9 

1488 

■1- 0 

15,35 

07,800 

122-3 

1531 

_p 4 


'r}ies(' ('XiHM'iuu'uis \v(‘n‘ civrr’K'd out wit.h gas furimci^ at Wmperakin'H 
ovi'i’InpiMUg obtiiliu'd with t.ho salt hath, 'hic la.rg(^ dirtcn'paucicH an^ 

du(' (lO lack of uuiformit.y of li(aui)('nitm’CH wH.l\ a. small (lame. It will ho 
H(S‘u dint ('1 b' ol)K('rvntion at 7SU " 0. is eliminated hy observations •!, (>, and 7 
wilili du' nitii’nte, l)a(ih. 
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b(Hui shown to lead to ernmoous results. Up 
to 1 100° (J. it is probahk^ that tlu^ ternperaturo 
scale of Dayaud llolhornis ndiahle to about 3 °. 
Gonsetiueuldy laimmerand PringHheim’Hox'pcri- 
merits (‘stahlish tho validity of the fourth -power 


radiation thermopile P hoiug protected from 
stray radiation by water-cooled diaphragms, 
while a movable water-cooled sbuttor Q con- 
taine<l the limiting aperture. Tho g(xmud,ry 
of tho ax)i)aratus was so arranged that ra.dia- 




666 


PYROMETRY, TOTAL RADIATION 


tion from the graphite diaphragm G alone 
entered the thermopile. A motor M, movable 
by means of a rod V, carried a sector S of 
definite aperture on its shaft. By a move- 
ment of the rod the motor could be swung 
up and the rotating sector placed in front 
of the thermopile so that the radiation from 
the furnace was reduced in a known ratio, 
depending on the clear aperture of the sector. 

The thermopile consisted of a single Bi-Sb 
and Sb-Cd alloys couple, the “ hot ” junction 
being soldered to a very light receiving disc 
of silver foil 3 mm. in diameter, a similar 
disc being attached to each cold junction, 
where the alloys joined copper loads. The 
silver disc “ hot ” junction was blackened with 
acetylene smoke and mounted at the centre of a 
hemispherical concave mirror, so as to make the 
absorption as perfect as possible. The thermo- 
couple was directly connected with a low-resist- 
ance galvanometer, a resistance box being 
connected in series to control the sensibility. 

Special attention was given to the elimination 
of any possible error due to absorption of radia- 
tion by the gases inside the furnace. With a 
hot object, such as graphite, it is impossible to 
obtain a perfect vacuum, and fluctuations of 
pressure would have had a serious influence 
on the sensibility of the thermopile. 

During the observations a steady pressure 
(from 5 to 15 mm. of mercury) was main- 
tained in the apparatus by controlling a valve 
governing the nitrogen supply ; the pressure 
could he maintained constant within 0-2 mm. 
by careful regulation; a Fluess and Gaedc 
pump steadily exhausting at the other end. 

To ascertain whether the residual gas exerted 
appreciable absorption on the radiation, 
samples were drawn off from time to time to 
a side tube and the deflections of an auxiliary 
thermopile read with and without the gas, 
employing a Nemst filament as radiator ; the 
authors claim that they could detect such 
effect if it amounted to per cent. 

§ (5) Theory of the Sectored Disc.— T he 
object of a sectored disc is to cut down the 
radiation by a definite fraction so that the 
same galvanometer deflection is obtained for 
two different temperatures of the radiator or 
black body.” 

Suppose the deflection x is obtained when 
radiation from an object at absolute tempera- 
ture T^ is received through a clear aportiiro 
sector, and the same deflection obtained for 
temperature Tg with a rotating sector having 
transmission ratio R (where R< 1). Then, if 
A denote the area of the disc, 

X = /cATi'^ for the first condition, 
and X = /jRATa'^ for the second condition. 

Hence Ti'' = ET 2 i or Ts= 

In practice it was found impossible to bring 


the two deflections to absohiioly the sa.mo 
value, conseq uoiitly was assinnod tliat the 
deflections wore proportional to the total 
energy in the two cases. 

The aperture in the sector was cut in the 
ratio [133()/1822]^ where 133fl is the melting- 
point of gold and 1822 the melting-point of 
palladium, in absolute tempoi’atui’os. 

Consequently, the ratio of the galvanomoioi 
deflections at these two temperaturoH, if the 
fourth-power law was obeyed, should bo uiiiiy. 

From twelve com])arisons the observed mean 
value was l-OOl. The maximum value of the 
ratio found was 1 -007 and the minimum ()-09S. 
A fcAV typical observations aroshownin Table 11. 



Tahls Tl 


Dofloction 

Dcllcciioti at 

1,5^9" C!., with 

Ratio 
Column 2 

at i()(i3'’ (). 

Scctonul Apertnn'. 

to ( 'olnnm 1 . 

29*28 

20 *3.3 

1-002 

29*08 

29-17 

1 -003 

29*33 

29-33 

1 -000 

28*29 

28-27 

0-99‘.) 

28*27 

28-25 

0-900 


Mean . 

. . 1 -001 

This indicates an agree ment 

wx'll within the 


possible limits of exi)crimental (U’ror of 1,0*5 
per cent at each of tlio two icmipcM’al-ures. 

All the oxponmontal evidomu^ available 
supports the conclasion that the Wtofan- 
Boltzmann law is valid over the endi’e t(un- 


peraturo range covcuxhI by the gas tlun’ino- 
motor. It may therefore (un ployed witb 
confldonco, in view of its plausildc theoroticiail 
foundation, as the basis of methods for tlie 
evaluation of high tomporatures. 


I. Total Radi.atr)N Pyromiotkuh 
Tyromotors based on the fourth -])owor law 
for the moasuromont of high tem])onituros are 
moroly thormopilo.s so arrange<l that tlu^ insina 
monts arc (1) cliroet reading, (2) rohnst, (3) 
quick in action, and (4) desigiuxl to nxHhu'tlu^ 
readings independent of the distarux'' IxdiWXHUi 
pyrometer and hot body, within (xx'tain liiniiH. 

§ (0) FjSiry’s TiOLKSdoiMO Pyromiwii'/K.- Kory 
appears to have been the first to (n'olv(^ a 
practhial form of ])yrom(tor Ixised on the 
Stofan-Boltxmann law, and capiihh^ of m(»asnr- 
ing tomporatun^H lxdav(XMi flfKF C. and 1500*’ (!. 

In the early typevs the instrumcxit c()riHiH<i<xl 
of a telescope having a minute tli(u*mo(u)U|)lo 
connected to a sensitive poriahk^ galvanonietcu’. 
The hot junction and the sounx^ of radiation 
wore brought to tlie conjugate foe-i of the Ions 
by focussing in the ustial manmu*. 

The diflieulty with this type was the hms, 
which had to l)c transparent for both tln^ 
visible and the infra-red. 
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Fluorite waH found satisfaiitory for tempera- 
i.uroH above OOO"’ (1, Hiiieo it ])ohhohsoh a nearly 
constant coolliciont of abaoiptioa throughout 
the spoctruni. The indications of the inatru- 
inent, however, did not follow the fourth-power 
law owing to the fact that iiuorito has an | 
aliaoiption in the infra-red at about 
6 II, and is not transparent for wave- 
lengths greater than 10 /m. M 

For industrial work 0 

fluorite was too costly, ri 

so glass was cm ployed ^ 
and the instrument J J 

OHiibiutod oiniuliwUly out^cus ^ 
over the W( )rking range. 

The ordinary varieties | ■■■' \ 

of glass ar(^ o])a(iue for ~ 

wave - lengths greater 

than 2 /A. ^ 

§ (7) F.13iUY’s MtRROR fi 

Ih’ROMRTlOH. — Those Pi 

difficulties were /» H 
avouJed hy the use of 
a concave mirror to V\ 

collect the radiation. - \ 

AhV/. 5 r(‘i)r(\MenfiS a tnodern type ‘ A 
of instninuMit. ^PIk') mii’ror (1 is 
capa.bh' of being rackcid i)ackvvards 


diaphragm immediately in front of thc^ 
couple. Then, unless the image of a straight 
lino viewed through E is exactly in the same 
plane as the two inclined mirrors, it will 
appear broken at the ])lanG of intersection 
of those mirrors. Fig. (> illustrates tlie paths 


/mago as scan i 
through eyepiooe i 


Out of focus image shou/n on exaggerated scale 
Fig. 6. 


and forwards to foems fbe radiation on the 
thorinoeoupk^ r<Hieiv(M' at N, in front of which 
is a limiting diaphragm. '‘Phe eohl junctions 
of the (u)uj>l(^ are shielded from radiation by 
a toagiK^ and a box M surrounding both the 



conjjh^ and tlu^ iiieliiUMl inii’rors immediately 
in fi'oiitof (h('' i luM’inotJonph^ reeciiviw. 

1\> enable tlu^ ohHerv(M‘ to focus the radia- 
tion n(uuirali('ly on to tlu'i hot jumdion, FtVy 
employs an ingesnous devi(U'. ''Ihvo semi- 
cireulai* nnrroi*H, in<',lin(Hl to om*! another at an 
angk^ of n® to KF, are motmted in the ihormo- 
couph^ h<)x, an op(nntig of a.l)out 1*5 mm, at 
the of the miri’ors forming tlie limiting 


of the rays producing the distorted itnages. 
The observer moves the concave mirror 
until the relutivc displacement of the two 
halves of th(^ image diHnp])oars ; an oiicration 
within the ca})acity of a workman. 

In the earlier forms of this instrument the 
(H)ncave mirror (1 was of glass silviu'ed on the 
hack. Since glass is a very good reflector 
of the infra-r(‘<l, tlu^ heat rays were ndleoted 
in, ])art fi’oin the front air-glass surbuie and 
in part from the hack glass-silver surface. 
The two grou])H of rays were brought to 
the same focal point hy making the radii of 
curvature of the two surfai'es sliglitly dilToront. 
If, howoviu’, the thi(dcncBH of tlie glass is stnall, 
1 to 2 mm., the same radius of <‘urvaturo 
can he UHe<l for the two surfm^os without 
ai)pre<uahle c'rror. 

Later instruments havi^ a glass mirror with 
a gold deposit on the front surfiKHs others 
gold or nickel on coj)j)or. 

(i.) Indv.pmdmcv, oj fHdmc.c.— Hi) long as 
the hot object fornuul by tlu^ concave mirror 
is Huniciently larg(^ to overhif) the limit.ing 
diaphragm immediately in front of the 
sensitive thermoidement, them It is the in- 
tensity of the heat imago ami not tlu^ total 
heat relle<d-ed tlmt is nuMisurcil by the instru- 
immt. ,Now it can be easily shown that 
tb(M)reti(!ally at least this inbmsity is in- 
dependent of the distance from the hot ohjcsot. 
If, for example, the distaneci between the 
instrunu^tit and the hot object is doubled, 
th<a\ the total amount of heat re(‘,c:iv(Ml hy 
the concave mirror is rodueod to one-fourth, 
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but the area which the image covers is 
simultaneously reduced to one -fourth, so 
that the actual heat intensity of the image 
remains constant. 

(ii.) Relation between Size of Object and the 
Distance for the Fery Type of Pyrometer. — It 
is a simple matter to calculate the minimum 
size of object required by the geometry of 
the Fery optical system. 

The relation between the size of object 
and image formed by a concave mirror is 
0— where 0 is the diameter of the 
object, I that of the image, n the distance from 
the object to the mirror, / the focal length. 

For the ordinary type of Fery pyrometer 
the aperture in the diaphragm in front of the 
receiving disc is about 1-5 mm. diameter, / 
the focal length about 7*G cm. 

The table below, due to Burgess and Foote, 
gives the size of source for various distances, 
assuming the above data. 


Table HI 


u (Cm.). 

Diameter Source (Cm.). 

70 

1-2 

80 

1-4 

100 

1-8 

150 

3-1 

200 

4-2 

300 

6-3 

500 

10-7 


§ (8) F6ry “ Spiral ” Pyrometer. — The 
construction of this instrument resembles that 
of the thermoelectric type, except that the 
couple is replaced by a bimetallic spring 
spiral {Fig. 7) carrying an aluminium pointer 



P, which is moved over a dial D, graduated in 
degrees centigrade, under the influence of the 
diherential expansion and uncoiling of the 
spring when radiation is concentrated upon it. 
In some of the instruments the spring is 
trimetallic, the thermal expansion coefficient 
of the intermediate metal being itself inter- 
mediate to that of the two outer metals. Thus, 
gold, platinum, and invar have been employed. 


The spiral is similar to that used in the inotaUic 
thermometer of Broguot. A strip ()‘02 mm. 
thick and 2 mm. wide is eoilcHl by Hovoral 
turns into a spiral 2 nuu. in diamotc'r. The 
centre of the sjural is eonncctod by a sluuik to 
a small disc, and on tin's disc is usually inount(Rl 
the pointer. (In Fig. 7 a slightly dinVu-oiit 
mounting is shown. Tlie shank is llxcal a.ud 
the ijointor is mounted at the other erul of 
the spiral.) Usually a mirror is placed 
behind the spiral so that the radiation wlfuh 
passes through and between the turns of the 
spiral is rofloctod back upon it. 

It is of interest to consider the method of 
spacing of the tem])orature scale cmgravcul 
on the instrument. Suppose that the se-ak^ 
is first simced linearly or in hu’ms of angular 
dellcction of the })ointcr : 

.Let d — angular doflocition, 

T(^=al)soluto temperai/uro of spiral, 
T=absoluto temperature of funuu'o, 
energy falling upon S])iral. 

The angular doflcHjtion of the poitririn’ is 
approximately proportional to the temp<‘ra(.ui’e 
of the spiral; the tomporaturo of tho spiral 
is approximately proportional to tlu' eiuM’gy 
absorbed by it ; this energy is a])pi‘oximafi(^ly 
proportional to tho fourth power of film 
absolute tomporaturo of tho furnae.(u er 

Hence * const. Tk 

Hence, determining th(^ di^flcHdiion <u)rt*(s 
spondingto any oiu^ fiirna(‘.o hmpx'ratiire Ilsu'S 
the constant in tlu^ above rohdion and ptu'inils 
the oomputurtion of tlie ternpcu’afiurc^ <iorr(^- 
sponding to all other dc^lleetionH. 

Actually, tho pyrometer does not (exactly 
follow tho fourth-powcu' law hut ratlnu* Uu' 
relation 

d-cT'', 

whore h is an empiricuil constant sUgld.Iy 
different from 4. If a tfalihrafion is mado 
at a number of dilTerent tc’itnjH’iratures, tho 
exponent 6 may ho dori’irmiiKxl from thci slopo 
of tho best straight lim^ drawn through iho 
observations, j)lotting log d against log T, 'Plu^ 
spiral pyrometer has an osjuxual advanliugc'i 
in being self-contained, recjniring no aecc'issoih's 
such as lead wires, galvanoinebw, (dc., bull ii,s 
accuracy is not equal to that of tlu^ tluu'ino- 
oloctric instruments. Tlu^ rejulings (hqxmd 
somewhat upon tho position in whieli lh<^ 
pyrometer is hold and upon tlu^ ))r(wious 
condition of tho instrument. t\)r <'ixamplci, 
tilting tho case to the right or kdt jUUm’s tlu^ 
reading, and slightly difTercnt nxidings may ho 
expected when (I) the }>yrom(d(U' has ixnm 
sighted xxpon a source at a liighor tt'imf)eraturo 
immediately before taking a certain nxiding, 
and (2) when tho initial source sighted upon 
was at a lower temperature. 
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§ (0) Extension" of tub TBMrKRATiTRB 
Ranob l^Y TUB LTsb op Diafubaoms. — E6ry 
inHirnincnta ai'o often provided with a second 
scale extendi tig over a higher range of tem- 
perature. This is cffoctocl by the addition of 
a sector dia]:)hragni over the front of the 
jiyromoter, which cuts down the radiation by 
a d(.dinito fraction. Whilst theoretically the 
“ law” of the instrument should bo unalfectod 
by the addition of the diaphragm, it isgonorally 
found i.hat the index is not exactly the same 
witli and without the diaphragm. The change 
is probably due to secondary radiation from 
tlu‘ lu'ateil diapliragm, and also to change in 
the disti’ibution of the air currents within the 
case, (^auH('d )>y tlu^ presence of the diaphragm. 
The oxtrapolaiion of the scale temperature is 
in pra(itic.(^ ell'ected by assuming the validity 
of the “ law ” of the instrument as determined 
by th(i ('xjKTiments over the range of tGmx)era- 
ture nu^asurable with Ihormoelemcnts. 

§ (Id) Tub Eostbr Eixbd -foous Pyro- 
MB'rBK.—The construebion of this jiyromoter 
will be understood from Fig, 8. 

'Phe rcMKMving disc on iho couple and the 
front diapliragm of the pyrometer arc located 


at the conjugate foci of the mirror. Then, 
HO long a.s the eone AOB is (illed hy the 
radiation from i.he Jiot oliject, the readings are 
indepi'inh'.nt of the distance. The position 
of tb(^ point <) is marked hy the wing nut on 
(ihe teh^scope tube. Tlie angle is made such 
that th<^ diainebu’ of th(‘ source sighted upon 
must be at least one-tenth (or in some in- 
strunumts oin^-eighth) the distance from the 
source to the wing nut. 

§(ll)dhlWlNO RaUIATION PrROMBTBU.'" 
The Thwing pyronud,(M’ {Fig. 0) is soinowhat 



ArmiiKfjmr'uli ol' tUcrmoolomcvib 
aiul ooutt 

Kin. 0. 

similar to the Rosier, but has a cone instead 
of a (umcav<^ mirror. The recunving disc of 
tb(^ conph' is situated at ap<vx. Radiation 
from tbe furmuui chiUm’s the diaphragm and 
falls upon tb(‘ liollow conical mitTor. The 
hot jumdion of a minute thermocoufdo is 
located at the apex of the con(\ and tho oold 
junctions are outshk^. .By multiple rolloo- 


tion along tho sides of tho conical mirror 
tho radiation is finally conecnf.rated upon tho 
hot junction of tho couple. Tho Thwing 
instrument is so constructed that tho source 
must have a diamctei; at least onc-cighth of 
tho distance from the source to tho receiving 
tube ; thus, at 8 foot (24 m.) from a furnace 
tho source must bo 1 foot (0*3 m.) in diameter. 

For permanent installations, the tube is 
ventilated and has several extra diaphragms 
to })rovcnt tho local heating of the instrument 
and stray radiation reaching tho coujile. 

§ (12) WHirri.B Closed Tube Pyrometer. — 
Whipple has introduced a modification of tho 
Fery pyrometer. In tliis type a closed tube 
of salamander or fireclay is inserted into tho 
furnace or molten metal, and the radiation 
from tho hot end focussed on a minute 
thermocouple ; tho instrument being of tho 
fixed focus tyiio. 

K\)r taking tomporaturcs of molten metals, 
tho radiation from which dcjiarts considerably 
from full radiation, aii<l for furnaces with a 
smoky atmosphere, this form of pyrometer 
has proved to bo of service. Iho di*awd>ack 
of this typo for very high temperature work 
is tho impoRsihility of 
obtaining an imj[)ermo- 
ablo tube, and should 
oil, vapour, or fumes 
pass into the interior it 
would seriously vitiate 
the results. 

§ (13) tlsB OF A Radta- 
TfoN Pyrometer wttu a kSouroe of Insuf- 
FioiENT Size. — It is sometimoa necessary to 
use a radiation* pyrornedor at such a distance 
from a small sonre-o that the aiierturo of tho 
instrument is not completely filled. 

Idms, W'ith tho KVwy pyrometer, tho imago 
of the soiirei^ formed at tho receiver may bo 
smaller than tlu^ limiting diaphragm imtnodi- 
atoly hefon^ the eouplo. The most satisfactory 
method of using tho radiation pyrometer 
under such condiiions is to construct a now 
limiting diaphragm of the propiu* size and 
recalibrate the jiyroiiu^tm*, sighting upon a 
l)lack body. Another metliod which may bo 
(unployed with small souriu^s is to computer ‘ 
the actual size of tlio image found at iho 
receiver and correct the obsiwved (hdlection, 
making use of tlu^ assumption that the 
galvanometer (lelleehiou is proportional to ih(^ 
area of the image as long as the iinagi^ is 
smaller than the liinif-ing diaphragm. Thus, 
if the area of the oiiening to th(^ rec.eiver of 
tho I'Ywy pyronuto won^ 1 mm.^, and the area 



where 0 Is the diamihT oF (he sonree, 

1 Is the (Hanu'tcr oF tht' inuiKe, 

/is tho Focal length oF the eoncavi' mirror, 
u iB tiic (liHtanco From Hourcii to mirror. 
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of the image of the source formed by the gold 
mirror were 0-5 the correct temperature 

would be given by the value corresponding 
to a deflection twice that of the actually 
observed deflection. Errors due to aberrations 
of the gold mirror will affect the measurements 
to some extent. 

As a rough check upon this method of 
using a Eery pyrometer Burgess and Foote 
made the following measurements : The area 
of image required by the pyrometer was 
1*77 mm. The source remained at approxi- 
mately a constant temperature 1260° 0., and 
its size was altered by means of water-cooled 
diaphragms. 


surroundings is of tlio order of SO" this fa<!tor 
has an ap[)reciablo iiifluouee. 

(6) The tliormocouplo and inehuKHl mirrors 
are enclosed in a small cell. Stray rellcitdions 
from tho wndls falling on tlie receiving dise. 
produce disturbances. 

(c) The rate of heat loss froin the juueiion is 
not strictly proportional to its fl'iniptauturc'i 
excess. 

(d) Conduction of heat along ibe (^()n[)le 
winis produces a slight teiiiporature riH(\ in the 
cold junction. 

(e) In addition there are various errors to 
which the niillivoltinct(n* readings are liabh^ 

Occasionally one linds that an instrunuMit 



The above-computed temperatures have a 
wide range, hut without doubt, if sufficient 
care were taken, the accuracy could be 
increased, possibly’’ to ±20° C. This method 
will not give as satisfactory results as may be 
obtained by replacing the limiting dia])hragm 
with one of smaller (Opening and then recali- 
brating the instrument. 

§ (14) Sources of Error ijt Practical 
Forms of Radiation PYROMETBRS.—Sinco tho 
ideal radiathm pyrometer would give galvano- 
meter deflections proportional to tho intensity 
of the radiation emitted by tho hot object, 
and hence the difference in the fourth powers 
of the absolute temperatures, a calibration 
at one temperature would bo sufficient to 
supply all the data necessary for tho computa- 
tion of the temperature scale. When T is 
large compared with T^, the deflections should 
be proportional to (Tq^ being negligible). 

It is generally found, however, that the 
index is not 4, but varies between tho limits 
3*8 to 4*2 for various instruments. 

In any jjarticular case tho value of tho 
index may bo obtained by plotting tho 
logarithms of the deflections and temperatures. 
I^he experimental points will in gorioral be 
found to lie on a straight line. 

Many factors contribute to produce varia- 
tions in the value of the index from 4. 

(a) The electromotive force generated by 
the thermocouple is not strictly proportional 
to the temperature difference between the 
hot and cold junctions. When tho rise in 
temperature of the receiving disc above tho 


will follow tho fourtli-powor law with coiihhUm*- 
ablo oxactitudo. This is to aiScrilx'd (o 
the fact that tho sniiill n'Hidiuil (dTooliS 
accidentally noutraliso each ()11 uu‘'’h influ(ni('('i, 
rather than to tlK'ond-ic-al [xuIcMditm of design. 

Tho otlRM‘ eharjuiUn'istic^s of pratdituvl lyiH^s 
of radiation j)yroniet(n’s which ro(|uiro stinly 
in tho case of each individual iimtirunuMit 
arc : 

(i.) Ah»p>nce of “ hugy- So that tlu^ linal 
reading in (|uic;kly attairuvl. Whih^ tlu'orotic- 
ally an iiilinito time is nspiinvl to rea,c.h tln^ 
equilibrium state (i,e, when Ui(^ nHuWing disti 
omits as mucdi Innit ns it j'('e(riv(\M), most 
practical typos reach the Hf.en.(ly static in a 
minute or so. Tlio tinn^ inUnwal reindnul 
de]>onds, of course, on tho in<livi(lual pyro- 
motor. 

Occasionally a nmxiimnn nvuling will In^ 
quickly reached atul then it Ix^gins (>o d('cr(MiHt\ 
tho linal valium only Ixmig nvielnxl aner 
flftocn to twenty minub^s. d'his anoinaloiiH 
behaviour is generally due to (uunlindion 
along tho wires of the conplc! and to wu^ondaiy 
radiation from tlu^ sidles of iflu^ cell jind tht^ 
diaphragms. 

Such an instrument must b<^ calihrabul umhu' 
the same conditions as it is to lie used in 
practice. 

(ii.) Kffed oj J^ize of fmnge., - It is muH^Hsary 
to ascertain how far the indie.ations arc^ in- 
clcpondont of tho distance from tln^ source to 
pyrometer and indcxiondont of tlie mo of tho 
source when this is above the minimum size 
required by the geometry of the instrument. 



PYROMETHY, TOTAL RADIATION 


671 


Tlio clepcndcnco of tlio iiiclications on tho size 
of tlio imago is probably tho most sorioua 
sourcjo of error inherent to practical types of 
radiation pyrometers, and can only be ovor- 
como by careful construction and arrangement 
of the mechanical parts of the instrument. 
Burgess and Foote studied the effect of varia- 
tion in tho size of tho hot object and the 
focussing distance on commercial typos of total 
radiation pyrometers. 

In tlr geometrical theory of tho Fory 
jiyromoter it is assumed that the source is of 
a size sidhe.iout for its image to cover tho 
thermocouple receiver or the limiting dia- 
])hragm immediately in front of tho receiver. 
Usually this limiting rlia])hragm is the hole in 
tho focussing mirrors in front of tho therm o- 
coupk'. As long as this opening is covered 
by the image of the source, one might expect 
that the reading of tho pyrometer wouhl ho 
independent of tlistancc or size of source. Their 
(experiments, however, show that, in g(‘noral, 
tho reading of the pyrometer deeimH<^s with 
increasing focussing distance and with deenvis- 
iug size of souree, evcMi though the image of 
lh(^ source always covcm’h tlie r('(HMV(u*; some 
instrumcMii^s show tliis ellVet much mon^ 
inark(Mlly than others. It is even possible to 
obtain a positive Heading, as shown liy Kanoll, 
when the pyroimder is siglUnd on a hole in 
a heattal surface, although the image of the 
hole (Hivers the opening to the thennocouplo 
recuMver. ^rin^ ^^ause of this elTc^c.t is best 
(l(d(U'min('d from a eoiisidei'ation of th(i size of 
the image of the sounu'. 

Mrrors whieh are surprisingly hig in magni- 
tude, and which, completely outclass those 
resulting from other causes, may arise in the 
variation of the siz(^ of the image produced by 
th(' pyi’omebu'. d’he size of tlu^ imago may 
!)(' alttn'(‘d by ((Ji) varying thc^ focussing distances 
th(‘ sizes of tho source remahiing constant, and 
(/}) by varying the size of the soutw, tho 
focussing distaiHU' nsmaining (sonstant. 

in tins study of tlusses ellecsts they employed 
a larges niekesl strip as the radiator, in, front of 
which, at a distamsesof I or 2 esm., wa,s placed 
dia()hrnrgms of various openings. By water 
cooling, tins iemp(U‘aiur(s of tlus diaphragms 
vva,s maintaiiKsl at alnuit that of the room, so 
that tlasns was no <s(t(s(st of radiation from 
tlumi, and the thoroughly iilacskeiusd surface 
of tins diaphragms absorbed pracstieally all tho 
luMit falling u()on It, heuoo the radiation loss 
fi-oin tins surfa(!<s of tlie heated strip Iiehind 
the diaphragm was tho same as that from tho 
<\Kpos(sd surfa(!(s of tho stiip. Uonseeiuontly 
tlusns was no variation in cither the appansut 
or true t,(smp(sraturo of tho strip wlusn thes size 
of (he (Ha]hragm o]Ksning was changed. Kx- 
<s(spt for very (sloHO dlstauccss from the pyromekm 
to the stri)), ihe diaphragm opesnings ac.ted as 
tho real source of tins radiation. In this 


mauiior five sizes of tho radiating source woro 
obtained, circular areas having diameters of 
L95, B-5, ff'O, 8-5, and 12 cm. 

Tho ])yronietor was mounted upon a carriage 
which rolled on paralksl tracks similar to an 
ordinary photometer bench. Tho strip and 
water-cooled diaphragms were properly ad- 
justed at one end of tho bench, and tho 
apparatus aligned so that the image of tho 
diaphragm opening eTn])loyod was always 
centred upon tlxo })yr()mctcr receiver for all 
focussing distances (usually 80 to 300 cm.). 
Curve A, F/y. 10, represents tho variation in 
E.M.F., with the diameter of the imago of a 
uniform temperature source for a I^Y^ry ])yro- 
motor which showed the effect of these errors 
in a marked degree. 

This particular pyrometer had focussing 
mirroi’H of thin glass silvered on tho back 



Diameter of Imago In cm. 

Fig. iO. 

surface; the o[)ening in these mirrors, whhdi 
foniuHl the limiting diaphragm, was 1-5 mm. 
in (lianu^ter. A ()*() cm. diaphragm was locaBal 
immediately in front of tim focussing mirrorH, 
and the inside duumffer of the tlawmoeoupk^ 
box, was 1-1 (un. Iuthei)reS(ud/(*,aHetho(liani(‘t(^r 
of the image was varied from 0’05 to ()•() em. 
by en» ploying sounseH of dia(U(dui'H 2 to 1 1 em. 
at :fo(ud distances of 70 to 250 c-rn. in the 
H(Hition ah of tho (uirv<^ the images was not 
large (uiough to (iover the 0*15 opening in the 
foemssing mirrors. For this rang<^ tlu^ E.M.ff. 
is approximately proportional to tho an^a of 
the imag<i or to the (dianu^ter)'^, so that A!i 
is a parabola. If the focussing mirrors fornunl 
a p(u*fe(‘.t diaphragm, (jomphdely shutting out 
all radiation except that j)asHing through the 
opening, tlu^ ])oint h would repiesent a tiiaxi- 
mum leading, and tho (uirvo would (iontinue 
horizontally along tho hue bo. Actually the 
M.M.F. iimreairiOH up to tho point «, wheni the 
image has a dianuff-or of about 1-1 (un., tho 
inside diameter of tho thermocouple box, 
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altb-oxigh. for all poiats from 6 to e the size of 1 
the image was sufficient to cover the receiver. 
The large increase along be is due to the 
heating of the silvered glass focussing minws, 
and the amount of this heating increases with 
the size of image, until the image completely 
mis the inside of the thermocouple box. This 
heat is communicated to the thermocouple by 
radiation and by convection currents set up 
within the receiver. The errors in measure- 
ment resulting from variations in size of image 
are readily apparent. For example, suppose 
the instrument were calibrated by sighting at 
L50 cm. distance upon a black body having 
an opening of 3 cm., and v/ere used for the 
measurement of the temperature of a source 
11 cm. in diameter at a distance of 100 cm. 
In the first case the image diameter is about 
0*15 cm. and in the latter 0-9 cm., correspond- 
ing on the curve to the points b and e respect- 
ively. The E.M.F. at e is 227 per cent of 
that of 6, so that as used the instrument would 
indicate E.M.F.’s in error by 127 per cent. 
Suppose this instrument obeys the law E =ftT 
then by difiereiitiation 

5E ,5T 

which states that the fractional error in the 
absolute temperature is one-fourth the frac- 
tional error in E.M.F. Hence an error of 
127 per cent in E.M.F. is equivalent to an 
error 32 per cent in the absolute temperature. 
Thus, for a source of 11 cm. diameter, 100 cm. 
distance, and at a temperature of 15CW)° C., 
this pyrometer would read about 2070° C., or 
a temperature too high by 570° C. 

The example cited is an extreme case, and 
the variation of E.M.F. vlth diameter of the 
image was greater for this instrument than 
for any other examined by Burgess and Foote. 
Actually, a pyrometer would not bo calibrated 
v-ith the minimum-sized image required by 
the optics of the instrument. It is rather 
difficult to centre such an image, so that 
usually the image is made large enough to 
overlap the opening of the receiver. Probably 
an image diameter of approximately 0*4 cm. 
is more often employed in calibration, and, in 
general use, the variation in image diameter 
may be of from 0-2 to 1-1 cm. Thus calibrated, 
this pyrometer would indicate E.M.F.’s too 
small by 32 per cent when the smaller imago 
is used, and too great by 17 per cent with the 
larger image. 

Curves B and C illustrate the variations of 
E.M.F. with image diameter for two other 
Fery pyrometers. The size of image was 
varied by both altering the size of the source 
and of the focussing distance- The fact that 
the points obtained by either method coincide 
equally well "with the curve precludes the 
possibility of any experimental errors, such as 


temperature gradient across the nickel stri]) 
used as a source, or the change in tcnip(U‘aturc 
of the strip duo to tlie use of various sized 
diaphragms. It also indicates that the error 
due to the atmosplicric absorption is small, at 
least in comparison with errors involved in 
the heating of the focussing mirrors. Those 
curves represent the behaviour of the two best 
acting pyrometers examined. Tn the case of 
B, the E.M,F. for 1-1 cm. imago is 133 per 
cent of that obtained with an image of O-lb cm., 
the diameter of the limiting dia])hragm in 
front of the receiver, and for C this relation is 
162 per cent. If those instruments were cali- 
brated with an imago diameter of 04 cm., the 
E.M.F. developed by B would bo too great by 
2 per cent for a M cm. image and too small 
by 11 per cent for a 0*2 cm. imago, and by (!, 
too great by 2 per cent for the larger image 
and too small by 18 per eent for the smaller 
image, with errors of onc-fourih these j)or- 
centages when referred to absolute tcm])era- 
tures. 

Pyrometer B had a metal diaphragm located 
between the silver glass focussing mirrors and 
the receiver, while in C this dia])hragm was 
absent, but the focussing mirrors wore of gold- 
plated shoot-copper. Those two instriimonts 
show a smaller effect of variathm in size of 
image than does pyrometer A, for the reason 
that the metal diaphragm in B and the coppm: 
mirrors in 0 w'oro good heat (sondinitors, in 
contrast with the glass mirror diaphragm of 
A, and allowed x>nrt of the heat to bo oan'ied 
to the walls of the thormoe()^io- box, whore it 
was dissipated by convection 

the outside, away fro'rn the thennocujuple. 

The fact that all three curves ar(^ asymptotic 
to constant values proves tlia-t this typo of 
pyrometer should bo calibrated and used on 
objects giving images itiuch larger ihan th<^ 
minimum specified by th(^ theory of tlu^ in- 
strument. 

(iii.) Summary nj Foeusmug Frron\fora Fvry 
Pyrometer . — The principal (u*ror results from a 
variation in the size of the image of tlie 
source formed by the largo (ionrhuising mirror, 
and is duo to the heating of the limiting 
diaphragm or the focussing mirrors im nu'diafoly 
in front of the thormoeouplo refuMViu*. Tins 
amount of this boating inciroasoH w'ith iiuireas- 
ing size of imago. ()n account of this facd,, 
i the pyrometer readings for a souroo of eonstant 
size doorcase with inenuising focussing disiaiujo; 
and for a constant focussing distance tihe txwl- 
ings incroaso with imu’cviHing of sounuv 
With ordinary use of this pyronud/er, errors of 
this type may amount to H(W(^ral hun(lr(td 
degrees in oxtrerno casos, and, in giunu'al, to 
60° or more, unless certain specilicul methods 
of procedure are om])loy(Hl; for example, tln^ 
use of an imago of a definite size for every 
measurement. 
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The following table proaents a summary 
of tlio various errors, the maguitudos of which 
depend upon the focussing distance : 


Tahlh IV 

xrpoK Tirii] Pvtuomhter Readinci- of 

iNOaKASXKO THE EOOITSSINO DISTANCE 


Reading incroiiHcs on 

RoadiiiK decreases on 

Account of 

Account of 

1. Variable aperture. 

1. Atinoaphei'io absorp- 
tion. 

2, Whadiug of <uuioavo 

2. (!ouv(‘ction currents 

mirror by tlu'rmo- 

from Hourcc to ro- 

oouplo bo.'c. 

ceiver. 

3. Stray relk'otioii in 
r(‘c<‘iv(U' and t(Xo- 
HCO|>('i t,ube. 

‘1. Reradiatioii to (!oui)]o 
from Hide walls of 
pyrouu't<‘r. 

5. Image of Hourtu^ bc- 
e.omiug smaller. 


With the t\)st('ir (ixi'id foeus the j)nncij)al 
Hoiire.e of the eiTor is secondary radiation 
from the siih^ walls and diaphragms of the 
front part of the pyrometcT tube to the 
th(n’moeoupl<^ x’(si(dv(n', and stray reflection 
from the sidt^ walls. 

(iv.) J^l[f('d of JHH and O.iddalion. upon, the 
doiidonning fhinoa.- It Ims lanm found that a 
slight film of oxide on the surface of the 
eomuivc^ mii'ror of tln^ Pery or Poster radiation 
pyr(»m(d/(n’s <loeH not wMTonsly alter the amount; 
of radiation reflected, whieh amounts to about 
J)(5 per eent of the ineidcuit energy, as the 
gr(‘ai<M' ])art. of the radiation (exists in the form, 
of long wav(vl<‘ngths, whl(^h the tarnished 
mirrors ndhsit witliout difliculty. This c.xpori- 
nusital faet has fr<^({ntm1 ly been misutuler- 
stood and tlu^ im|)ression ohtaimsl that in 
spite of dirt aeournnhition, staitis, and Herat(dies 
Uu^ gohl snrfaeo nunains tunduinged in its 
r('fl(Mding power; sneli is not tlu^ ease. Pyro- 
rneliCM’H subjcudisl to sev<'re nst^ in th(n‘nduHtrieH 
soon IxMonn^ eoaihal wifh dust atul diit, ami 
("rrors of 100“ are noi- unusual when the 
mirrors Ihmiouk^ dirty, instruments will, 

of eours(v r(‘ad low. 

In exei'ptional cases tlu*! front of the y)yro- 
m(di(U* is eov('r(xl by a. sheet of glass so as to 
prxwent the axua'iHS of dust and fumes into the 
intei'ior of IJn^ pyromeOw. glass reduces 

the sensitivity of the instrunnuit very oon- 
sid(‘rahly owing to absorption, and expori- 
m(M)tH show that the variation of the E.M.P. 
is gemu’ully mxirly proportiomd to the fifth 
power of the ahsohiO^ iernfxwature. 

§ (ir>) AdVANTAUEM and I)rSAI)VANl’A<M«H OF 
THE Total RAoiATroN .Pyhometuh ah oom- 

DAROD WITH Till') OUTiOAr. Tho total 

radiation pyrometer has the advantage uvor 


the optical type, insomuch that it is direct 
reading. There is no necessity for the observer 
to judge equal intensities as is the case with 
optical pyromot^ers. A total radiation pyro- 
meter can bo coupled up to a recorder of the 
typo employed with tliormoolomonts and a 
continuous record of temperatures obtained. 

It is also a])])iicablo to lower temperatures 
than can be measured with the oj)tieal type. 
On the other hand, departure from black body 
conditions or the presence of CO 2 or water 
vapour causes greater cri'ors in the reading of 
the total radiation typo than in tlio case of the 
oi)tical. 

§ (IG) Calibration of Radiation Pyro- 
meters. — Instruments are generally calibrated 
by comparison with a standard instrument 
over the range 500°, to bl00° C. A nniforndy 
heated mu Hie forms a convenient source of 
radiation closely ap})r()ximating to a full 
radiu-tor. 

■^riie standard jnsirutnont re(piires more 
elaborate stmly. Tor this purpose a large 
platinum foil wound elec.trie. furnace is con- 
venient ; thivS should be j)n)vide(l with 
suitably diKjx)Hed diaj)hragrns, and the lyx’o- 
meter focussed on a plug of refractory nuitonal 
fixed in the centre of the furnace. Across the 
face of this j)lug one 01 ’ more idatimnn- 
rluxlium couples should bo stretched, so that 
the imjan temperature of the surface is 
obtaiiuxl with accuinuiy. 

To obtain a cone of radiation of sulHcient 
size to lill the held of the j)yrc)metor it is 
advisahlo to employ a furnace with an a})ortiu*o 
of over three i rushes in diamotor. 

At high temperatures a considerable amount 
of cooling takes place by convtxition from the 
open mouth, of a liorizontal fujTiaco, Some 
improvement can bo offocited by inc^lining 
tlu^ mouth (lowji wards at an angle of 20° to 
30°, but for the sUxulinoss of temperature and 
for (Hiouomy a vortical arrang(unent of the 
funia(;e, opening downwards, is the most 
Haiisfaetxny. 

Eo,r tern piu’atu res up to 1100° V. the furjiaeo 
can be woimd with “ nicdiroine ” or similar 
alloy tape about X cm. wide by 1 mm. thick. 

For higlier tomjxu'atun'H uj) to 1100° it 
is nocessaiy to employ platinum foil, siiuio the 
life of a niekol-chromium u-lloy winding is only 
a few hours Jit a tomjxu'alure of .1300“ (I 

(i.) (Urmputation of (\d'ibraiion, J )a la. --[Yho 
thernuKdectrie. ty[)e of radiation j)yronud;(n’ 
obeys the relation Ik ~ vvlnwo E 
is the E.M.K. dovelo])ed when the pyrometer 
is sighted 011 a. black body at an aX)Holute 
temperature '^1, the temixu'ature of the rocx'iver 
Xxdng and a and h arc tunpirical (‘onstanlH. 
In general, T,/' is negligihkvin c.omjjarison with 
T**, so that one may write .E (dP''. 
constants a and b must bo dolcruumxl for (xu-li 
instrument. 

2 X 


VOI., 1 
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Although two cahbration points serve to 
determine a and h, observations are usually- 
made at five or more different temperatures, 
and the best curve is drawn through all the 
points. Since an exponential curve of the 
correct form is difficult to adjust graphically, 
the curve is rectified into a straight line by 
plotting log E in terms of log T. 

Thus, expressed in logarithmic form, the 
eq^uation for the pyrometer becomes 

log E =log a\-h log T, 

which is a linear relation between log E and 
log T, the slope for the straight line deter- 
mining the constant 6. 

(ii.) Calibration by Sighting on a Heated 
Strip , — The standardisation of a radiation 
pyrometer under black body conditions against 
a thermoelement is a somewhat tedious opera- 
tion owing to the time required hy the furnace 
in settling to equilibrium. 

When a calibrated instrument is available 
this can be used as worldng standard and 
other instruments tested by comparison with 
it. For this purpose it is not essential to have 
black body conditions, and any furnace will 
meet the requirements provided the surface 
sighted upon is uniform in temperature. 

The Bureau of Standards has discarded 
the use of a furnace in favour of an electrically 
heated strip. Of the metals available for the 
purpose of making the strip, nickel appears 
to be most satisfactory. When heated in air 
a firm and uniform coat of black nickel oxide 
(NiO) forms on the surface. Such a strip 
can be used almost indefinitely up to 1300° C. 
and rapid changes of temperature can be 
made from 500° 0. to 1300° C. The cooling 
from 500° to room temperature must be done 
slowly, or flaking of the oxide will occur. 

In the apparatus employed a strip 17 cm. 
long (exposed section), 13 cm. wide, and 0*015 
cm. thick is mounted vertically between watfer- 
cooled brass-clamp terminals. This is heated 
by an adjustable current (maximum 1500 
amperes) supplied by a low^ - tension trans- 
former. A strip of this size furnishes a source 
of circular area and diameter of 12 cm. which 
is uniform to within 2° at 1200° 0. over its 
entire surface. 

The advantage gained in. using a strip 
several centimetres hmger than its width is 
marked. The temperature variation across 
the width of the strip is practically nil, the 
main variation occurring along the lower edge. 
Thus, the temperature gradient along a vertical 
section of the strip is not symmetrical, the 
bottom of the strip being cooler for several cm. 
tlian the top. ITsing a atrip 17 by 13 cm. the 
centre of the 12 cm. uniform temperature area 
is located 6-5 cm. from cither side, about 
7*5 cm. from the top, and 9-5 cm. from the 
bottom. 


In the use of this nickcl-oxido source for 
the calibration of pyrometers it is ossontial 
that tho instruments compared bo of similar 
type, so that the departure from “■ blac-kuess ” 
of tho strip will affect each i)yr()moter in the 
same manner. .Largo errors would bo involvetl 
in tho comparison of an optical and radiation, 
pyrometer by this method unless tho observa- 
tions were coiTOoted both for tlio monochromatic 
and for the total cmissivity of nickel oxide. 

§(17) Total Radiation imom OxiDm axf) 
Metallic Surfaces.— While muffle furnaiiOH 
and heating chambers employed in tho in- 
dustries closely approximate to full radiators,” 
the surfaces of metallic objects de])a,ft con- 
siderably from the ideal contoniplattid by the 
Stefan-Boltzmann law. Conseqticntly, a radia- 
tion pyrometer calibrated on a “ full radiator,” 
if employed to talto tho temperatures of such 
surfaces, will give readings which are too 
low. 

When tho suifaco is oxidised, the difference 
between tho apparent and tho real temperature 
will be a function of tho condition of the 
surface, and it is difficult to a]>ply a correction 
with any degree of certainty. 

Tho radiation from some of tho commoner 
metals has been investigated with tho con- 
clusions summarised below. 

§ ( 18 ) Definition of the Emihsivitv of 
a kSuRFAGE. — At the present tinu^ the ffu’m 
“emissivity” is used to denote the ratio of 
the heat emitted by unit arcia of tbo sujfaco 
to that omitted })y an equal arc^a of a “ fidl 
radiator ” at tho same temj)oraturo, and jiot 
in tho older sense of tho term, wlu'U it denotcal 
tho heat omitted per unit time dividtvl by Iho 
temperature excess of the surfae-o above ilie 
surroundings. Hence if Q is the total radia- 
tion emitted by the unit area of tho surfacio 
I at absolute temperature T to surroundings at 
I tomporaturo and a is tho “ black body ” 

1 constant, tlion 

Qr^Ecr(T^^Ti^), 

whore E is defined as the cmissivity constaiit 
for the surface at T. 

Jn the following lu'ief review of ev peri menial 
work on tho dotermination of (miissivities 
attention will bo confined to those iiiv(^stiga- 
tions which have boon made ])riinarily witli a 
view to the evaluation of the cornHitions to 
the total radiation pyr()m(dy<H: rea<lings wIkui 
used for taking the temporatuj’(^s of such 
materials in the open. 

(i.) lUmiammty of HicM Oxide. Surface,--- 
Burgess and Foote employed an ordiiuiry ffery 
radiation pyrometer for the rm^asurcinKnit of 
tho cmissivity (joeflieient. This pyrometcu- 
was calibrated to give true temj)eratumH under 
blacdc hotly <u>mUtiona. 

(»)HorvationH were made of tht^ appart^nt 
temi>oraturcH, tho corresponding tnui lem- 
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poraturos being obtained by methods described 
below. 

If K denotes tlie total omiasivity of an 
api)i'c)ximately non-solccLive, radiating suiface 
at absolute tonaporature Tj, and iS the apparent 
tenipei-aturo observed with the radiation 
pyrometer, and Q the radiation, then 

Q-Lcr(T/-To^), 

hoiu^o - To^) E(j(Ti - Tq^), 


Above ()()()" (1. the term may bo neglected, 
as a simph^ (ialoulatioii will show : 

If, for (example, E is about 0*5, the error in 
its value by negUnding T,, would bo only 0-()()7 
at (500'* E. and 0-0002 at KVKE (!. 

UeiK^e the einissivity may bo caleiilated by 
the simple exproHsion 



Since in praetic^al types of radiation pyro- 
meters th(^ indt^x is raredy <^xacd;ly 4, the above 
oxproHsiou ro<piires slight modi(ie.atiou in such 
oases. 

Taking tbe ebaraeteristie (exponent of the 
empirical relationship between e the E.M,b\ 
and teniporatun^ as b so that 

0 'aT^ 

then, if </ is (-In'! E.M. K. generated when sighted 
on, a ra<liating surfacu^ of apparent temperature 
(abHoUit(^) ami true temperatures T, 



obl.!un tin* tnu^ ieMnjxu’attinw cumrespond- 
ing to tl)(^ appaixmt Uuniunuturos two methods 
wei'o available wbieli gave ix^sults ui close 
a(HX)r(l. 

(1) ddie api)lhxition of tbe idea embodied ;in 
ib(^ duly nuddonudeu', in whieb the nielting- 
f)<»iri(iH of microH(x)pio sp(xumei\s of various 
snbsi.JUKHW wer<i observcxl, siieb as Ka(Jl 
(HOO'-C).); Na^SO,! (HST* (!.); An (lOOT’ (t). 

ExptU’inH'nts wca'o mad(^ i<o aH<‘.ortain that 
the ttmpxu’ature of tlu^ strip did not dilfer 
appr(X‘,ial)ly from that of the speeimens. 

(2) By the uh<^ of aj) opti<'.al [)yromoi.er 
oalil)rated to nxid true bxnperad/ures when 
sighted or» sm^h a^ Hurfae<‘, This {)yromotor 
is baH(xl <m th<^ prineii)le of matching the 
intensity of the light from an elootrio 
lamp fdainent with, the light from the hot 
obj(xd;. 

The pyrometer was calibrated initially for 
“full radiator ” conditions, and then the 
(loi)arturo of the nitikel oxide surface was 
obtained by sighting on the surface of a 


nickel tube, electrically heated, and into a 
small diaphragmed enclosure in the centre of 
the tube. By properly locating the diaphragms 
in the interior of the tube “ black body ” 
conditions could be realised tpxite satisfactorily. 

Theoretically the experiment might bo 
simplified by using the total radiation pyro- 
meter directly to sight on the outside of the 
oxidised tube and on the interior : the first 
observation giving the apj)aront temperature 
while the second would give the true tem- 
perature. But, owing to the large ai)orturo 
that would be necessary in comparison with 
that required for an optical pyrometer, this 
method of obtaining the true tomporaturo 
would ])rosont practical difficulties. 

It should bo remarked, however, that the 
principle employed (of measuring the radiation 
by concentrating it on the thermocouple by 
means of a metallic mirror) is only valid so 
long as 0 (H^ni(uent of reflection of the surface 
does not vary with the wave-length. 

'Jdris a])pears to be tlie case for gold over the 
spectrum ranges from g to 1-1 /ul. 

The variation of emissivity with temi)eraturo 
of NiO is given in Table V. while corrections 
to “ apparent ” temporaturos are given in 
Table VI. 

Taulib V 


'IViHporatui'o, 

MudHHlvlLy. 

'roiiipcralm'ci, 

«C3. 

KniiHHlvlty. 

COO 

0-54 

1000 

0*75 

050 

0*5!) 

1050 

0-78 

700 

()-62 

IKK) 

0'81 

750 

()>C5 

1150 

0-84 

800 

(X08 

1200 

()-8G 

850 

()*7() 

1250 

O-HOr 

000 

0-72 

1300 

0*807 

050 

()-7;j 




Tablio vr, 

CloiMUQOTrO'KS WJtKJlt MtIHT Blfl ADDIfll) TO Trilfl 
Ai'I’auwnt BiflADiNas ojr Kadia'itok Pyuo- 
MOTUIBH TO CUV 10 TlUTlO TlCMrJOHATUJlilOS WU JON 

HioirTiflo ON AN OxiDisioo Nuiiciflc KuiurAtUQ 


ApT)arent 
O’iunnera- 
ture, " 0. 

(iorrectlon. 

Apparent 
IVuupera,- 
ture, " 

(V)rr<'(‘tion. 

500 

12(r 

1000 

75” 

coo 

no 

HOO 

C5 

700 

100 

1200 

55 

800 

05 

1250 

50 

000 

85 




(ii.) Iron Oxide.. A knowledge of the 
emissivity of iron oxide is of considerable 
importance technically^ since it ])ermUs of 
oorrecstion to the rc^adings of radiation pyro- 
meters wlnm taking the tom])eratures of 
billets, rails, etc. 

Burgess and Foote made obR(^rvations on 
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the same lines as those described above in 
the case of nickel ; in this case, however, 
electrically heated iron tubes of various sizes 
were employed as radiators. 

The results are given in Table VII. 


Table VII 


True 

Temperature, 

°C. 

Emissivity. 

Correction to 
Apparent 
Temperature. 

500 

0-85 

30° 

600 

0-85 

30 

700 

0-86 

35 

800 

0*87 

35 

900i 

0-87 

40 

lOOOi 

0-88 

40 

llOOi 

0-88 

45 

1200 

0-89 



It is possible to calibrate a total radiation 
pyrometer to give approximately true tem- 
peratures when sighted on an oxide surface 
by inserting a resistance coil in series with 
the indicator when standardising on the 
customary “ black body ” furnace. The value 
of the resistance can be calculated from the 
constants of the instrument. 

(iii.) Temperature Gradient through the Oxide 
Layer, — Iron oxide is a comparatively poor heat 
conductor, conseiiuently it might be expected 
that the true surface temperature would be 
appreciably below that of the body of the 
metal. 

Experiments with a thermocouple inside the 
tube to give the true temperature showed that 
the gradient through the oxide was consider- 
able and apparently independent of the size 
of the tube. It would appear that the thickness 
of the oxide layer is automatically rendered 
of the same order of magnitude for different 
times of heating by the flaking off which 
occurs. 

.Data obtained by Burgess and Foote con- 
cerning this gradient are in good agreement 
with those obtained by Burgess, Crowe, 
Rawdon, and Waltenberg on rail sections, the 
couple being inserted in a small hole drilled 
parallel to the length of the rail and as near 
the oxide as possible. 


Temperature, 

Tcniporaturo, 

Inside Liiycr, “ 0. 

Outside Layer, " C. 

CIO 

600 

715 1 

700 

820 

800 

930 

900 

1080 

1000 


These results show that any method of 
obtaining the tom])eraturo of rails, ingots, etc., 
by observations of the surtaco temperature, 
is liable to serious error unless account is 


taken of the gradient through the oxido 
film. 

(iv.) Emissivity of Molten Motah. — ^Tho total 
radiation pyrometer is of very Iimit('d use with 
molten metal sui-faces. Such sixrfacos can 
never be freed from haze or fog, and the 
radiation from the Avails of the finmaco or 
crucible reflected at the molten surface is apt 
to produce serious errors. 

Burgess lias made some observathma on 
the difference between the apparent and real 
temperatures in the case of metallic c()j')})or 
and cuprous oxide surfaces, using a Fcry 
pyrometer. 

The following relationships were found to 
be approximately true. In these cc^nationa t 
is the true temperature centigrade and s the 
apparent. 

Molten copper, clear surface — 
i = 3-556' - 1018; 

Surface covered by cuprous oxide — . 
i^l-4Ls'-lG9. 

The difleronco botwoon the apparent 
temperatures — when the pyrometer waa first 
sighted on the clear cop])er surface and them 
on the oxide surface, both being at the same 
temperature — amounted to as much as 300“ (1. 

The apparent freezing-point of c:oj)])cr (clear 
surface) was found to bo (JOG® C. <M)m])arod 
with the true value of 1083® (^. 

The omissivities of the two aurfacos at 
various tempera turos nro given in Table VXII. 


Tabt.e VITI 


Toinperaturo, 

RiiilsBlvlty 

TonipomUiro, 

KttilHHlvity 

a. 

(Moltoii (Juppor). 

(duprouB Oxidci). 

1075 

0-16 

800 

OdUJ 

1126 

0-16 

900 

0450 

1175 

i 0-15 

1000 

0-50 

1225 

0-14 ! 

1100 

0-54 

1275 

0'13 




Thwing lias made some observations on the 
cmiasivitios of both molten iron and molten 
coj)por relative to that of iron in tln^ solid 
state (presumably oxidised). No details an^ 
given concerning the (L\f)erim(uitH. Ih^ states 
that molten cast iron at 1300" (1. to M()0"(1. 
has an cmissivity of O-UO that of tlu^ solid 
metal. Mild steel (molten) at lOOlV’F. has a 
relative coefTficient of 0*28, which (uxdVieicmt 
appears to hold up to 1800" (\ MolOm 
copper has an omissivity of 0-1 •( that of solid 
iron. 

Some of the exporimonta ap))(^ar to have 
boon made on the streams of inoli(ui metals 
issuing from the furnace's. 

Table IX. summarises existing knowknlge as 
regards the corrections re(|uir{‘d to apparent 
tomporaturos given by total radiation pyro- 
meters to convert to true tomporaturos. 
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Table IX 


THUK I'lOMPEHATUEES AND ArEARENT TeMFERATURES MEASURED BY RADIATION PYROMETERS 
WHEN SiailTED UPON VARIOUS MATERIALS 


Oh.sorvod 


True Tcinperaturc, 

“0. 


TemperatAiro, 

HI. 

Molten Iron. 

Molten Copper. 

Copper Oxide. 

Iron Oxide. 

JSTicke] Oxide. 

COO 


1130 

720 

G30 

710 

050 


1210 

775 


755 

700 


1290 

830 

735 

800 

750 



890 


845 

800 

1200 


045 

840 

895 

850 

1270 


1000 


940 

000 

1840 


lOGO 

945 

0B5 

050 

1410 


1115 


1030 

JOOO 

1475 


1170 

1050 

1075 

1050 

1550 




1120 

IKK) 

IGIO 



1155 

11G5 

1 150 

1080 




1210 

1800 

1750 



12G0 

1255 


§ (IP) Ahhorption in the Medium TJiRorrnii 
winuD THE Radiation passes.— 1'ho radiaiion 
has jL?on(‘raJly to pass tlirouj 2 ;h a^^asoous modiiitu 
Ix^foro ri'ju'.iiing tlio pyromc'U'r. At ])roHont 
th(' information available uoiiccrnui^ the olToct 
of any absorption by the nu'diuiu on pyro- 
imdd’iti obsiu'vations is voiy soa.nty. 

'[riu'i Hul>j<''0t is (!oinpli(^atod by ihci fact that 
most jj^asc^H and vapours have fairly sharply 
dolinod absor[)tiou hamls, and that the 
distribution of (Miorgy among the wavivlougths 
of tlu^ (Continuous spcuitriim omitted by a 
“ black body ” varkes with the t(cmp(M’atur(c. 
Should oim of tine absorption bands c.oinc.ido 
with tine maximum (Muergy wavo-kength of the 
sp(Hctrnm its inlluoiuc<c would bee vtuy marked, 
wlnericas at. anotiuer tempewatnre that partienlar 
wa.v(c-l(mgth might eouta/in but a veay small 
fiu(ci-i<m of tilue total eiuergy in tine s()e(5trnm, 
eons(H{uently tine loss by absorption would Ixe 
iiisiguiticajit.. 

It is known tha.t (10^ has absorption hands 
of wavee-kaigths >t"l, 2-7, M, and It> g in the 
infra-ned, t.he baud at 4*4 g being a strong oma 
VVal.(er vapour luiiS a mimlncr of ahsor[)tion 
bands in tine mcighbourhood of b 

Ileemuc tine pnwinae of (eooku’ strata of dOu 
and ot.lner gasecons products in tine fiirmuee 
will low('r tine leadings of the pyromeeter. 
Tine wriUer oi\ one (aeeeasion observeed an error 
of 40" (f. in tine reeadings of a pyronueter wluen 
taking tine temjXTat.mxe of a fnrrnne(e ncear tine 
mout.h of which wa.ber va/pour was pr(es(enfc du<e 
to tine diying-ont of the furna<e(e. 

’’Pyrulail, about 1851), madee a thorough 
inveestigatlon of tine dia.thermamey of gasees 
and vapours, '‘hlne appa.ratuH employed enm- 
sisteed of a brass tnlne (dosed at tine (mds by 
plaUes of ro(ek salt. Kacdng oine (end of tine 
tube was a souneee of raxliation, sueeb as a 
(eube eontaining boiling wat(er or a glowing 
spiral of ])latinum. At the other cend was 


])lae.ed a thermopike. Wheen the interior of 
the tube was exhausted the detloction of tho 
galvanometer coune(eted with the thermopile 
was reduced to zero liy bringing u]) a eom- 
])ensating ceulxe to tho other face of tho 
thermopile. '^Flne gas under test was then 
introduced into the tube ; if it (exerted any 
absorption elXo(et tho galvanometer needle 
would be doilectccl. The fraction of radiation 
absorbed could bo obtained by observing the 
full (icedecetiou ^iroduced when a scnecen was 
interpos(e(l hetwecen the thcnnopilo and tho 
tube, dlio compensating ceiibc thceu produced 
tine same ciTect as tlie radiation which 
jireviously traversced the oxhaustod tube. 

Tyndail found that air, oxygteu, hydrogen, 
and nitrogen, if ca.refully piirilkcd, exerted no 
S(‘nHil)lo absorption, whilce water vafxmr and 
(carbon, dioxuhe had a marked absorption. 
Vapour of organic (comiiounds also had a cou- 
sidorable absorbing eflect. :ifl, ci. 
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QUANTUM THEORY— R:EAUMUR 


— Q 

Quantum: Theory : 

Application of, to the behaviour of gases 
under various conditions. See “ Thermal 
Expansion,” § (26). 

Explanation of Variation of Atomic Heat 


with Tomporaturo. Roc “ Ctaloriinctry, 
the Quantum Theory,” § (44). 

Formulae for Specific Hoat, Experimental 
Test of, by E. H. GrifTitha and Ezor 
Griffiths. See ibid. § (45). 

See also Vol. IV. 


R 


Radiation : 

Confirmatory evidence of the laws of, 
from a consideration of the inter-related 
phenomena of atomic structure, of X-rays, 
of ionisation and resonance potential, and 
of photoelectrical action. See “ Radia- 
tion, Determination of the Constants of,” 
etc., rV. § (11), Vol. IV. 

Constant of Spectral, determinations of. 
See ibid. III. § (7), Vol IV. 

Formula and Coefficient of Total : verifica- 
tion by experiment of Stefan-Boltzmann 
law. See ibid, IV. § (9), Vol. IV. 

Formula and Constant of Spectral : experi- 
mental evidence shows that, throughout 
the spectrum, from 0*5 ft to 50 ft, Planck’s 
formula fits the observed spectral 

energy distribution more closely than 
any other equation yet proposed. See 
ibid. IV. § (11), Vol IV. 

“ Fourth-power ” Law of, used to measure 
high temperatures. See “ Pyrometry, 

Total Radiation,” § (1). 

From a Black Body, discussion of. See 
“Radiation, Determination of the Con- 
stants of,” etc., I. § (2), Vol IV. 

From Flames. See “ Engines, Thermo- 
dynamics of Internal Combustion,” § (57). 

Losses in internal combustion engines. See 

. ibid. § (61). 

Measurements of Solar and Stellar. See 
Vol III. 

Theory of Heat : laws of Boltzmann, Wien, 
and Planck. See “ Pyrometry, Optical,” 
§( 1 ). 

Total, of a Black Body, used as a secondary 
standard of temperature in the range 
above 500° C. See “ Temperature, Real- 
isation of Absolute Scale of,” § (41) (iil). 

Transmitted by Red Filter Glass of Optical 
Pyrometer, Wave-length of. See “ Pyro- 
metry, Optical,” § (11). 

Radiation, Coefficient of Total : 

Indirect and substitution methods of 
experimental evaluation of. See “ Radia- 
tion, Determination of the Constants of,” 
etc., II. § (5), Vol IV. 

Modern methods of experimental evalua- 
tion of. See ibid. II. Vol IV. 


Thermometric methods of evaluation of, 
with “ black ” receivers. See ibid. § (4), 
Vol IV. 

Radiation, Determination of the Con- 
stants of. See Vol, IV. 

Radiation Tiiboey. Soo Vol. IV. 

Radius of Gyratio]^^. Tlie square root of 
the ratio of the moment of inertia of a 
body about a line to the mass of the body. 



Railway Dynamometer Oars — for the 
Measurement of Tractive Effort and 
Resistance. Sco “ Dynamo motors,” § (5) 
(iv.). 

Rain Gauges. See “ Hydraulics,” § (.‘1). See 
also Vol III. 

Rainfall, Distribution and Annual Varia- 
tion OF. See “ Hydraiilic.s,” §§ (1) and (2). 

Rake of a Propeller. A blade is said to 
raked forward or aft according as the 
centre lino of the blade at tbo tip is forward 
or aft of the centre lino at the root. S(ie 
“Ship Resistance and Propulsion,” § (41). 

Rankine Oyole. Sco “ Steam - engine, 
Theory of,” § (3). 

Reversibility of. § (7). 

For Wet Steam. § (5). 

Rayleigh’s Formula for Radiant Energy : 
a formula, duo to Lord Rayleigh, giving an 
approximation to the distribution of radiant 
energy along the spoctrum, on the sid(^ of 
the long wave-lengths. It is tlie expression 
which should bo foinul if the classicuil systenn 
of mechanics wore valid, and has the form 

HttCT 

Fa-.- 

Soo “ Radiation Theory,” § (6), Vol TV. 

Reaction Turbines. Seci “Turbine, De- 
velopment of the Steam,” § (2); “Steam- 
turbines, Physics of,” §§ (11), (16). 

RliAUMUR, introducer of a scales of tempera- 
ture, still used in parts of (kmtral Furopo 
and Russia, in which zero and 80 c()rroH))()n<l 
to the freezing- and boiling-point of water 
respectively. See “ Thermometry,” § (2), 
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Ri«]TTFYIN(} CoLirMN XTSRD IN FRACTIONAL 
Dlstillation of Air. Sec “ Gases, Liquo- 
fiictiou of,” § (2). 

l^KDUNOANT MkMBNRS IN A FrAME. Sco 

“ Structures, Strength of,” § (25), 
Hiofhactory Materials, Thermal Con- 
dhoti v it y OF. kSco “ Heat, Conduction of,” 
§ (4) and Table II. 

REFRIGERATION 

§ (1) Intkohuotory. General Theory. — 
Ilie process of refrigeration consists in 
removing heat from a body that may be (and 
generally is) e.older than its surroundings. In 
cold sto rages for example, the contents of 
a e.hamher are hept at a tem])oraturo lower 
than thaii of the air outsi(l(\ by extracting the 
heat whi(‘.h (‘.ontinnously leaks in through the 
imperfectly insulaiing walls. In ice-making, 
heat has lirst to bo remov(al frotn water in a 
can or tank to bring its temperature down to 
the fro(v/ing- point, and then iihe latent lu'at ” 
has to be nutiovcul as ihe water fre(^z(’)H. A 
fundamental principle of Th(‘rmodynamics 
(q,v.), known as the vSee.oud Lawd ih 
that heat does not ])asH sponianeou.sly from 
a cold body to a hot body, and it is im- 
poHsibk^ to have a purdy self-adlng machine 
tliat will go on conv(\ying lioat from a e.old 
body to a liot body, Ih maintain a refrigerat- 
ing proe(')HH accordingly rcipiires some expendi- 
tun^ of energy. It is generally done by means 
of a nuH'hanieally driven h(^at-pump, working 
on wliat is ('HH(HitiaIly a reversed heat-engine 
cy(I<^ It tnay also be done by the direct use 
of high- temperature heat without intermediate 
convtu’sion of that heat into work, by means 
of devieoH which will l><^ mentioned later. 

Any pnxH^HH of refrigeration involves the 
UH(^ of a working substance which can be 
made to take in lu^at at a low temperature 
and diH<diarg(^ luait at a bigluw b^mperature. 
The heal, is diseharged by IxM’ng given u|) to the 
air oul.Hid(^ or to any water that is availahk^ 
to r(H‘.(Iv(^ it. Tlu^ process is a pum|)lng up 
of luMvt from th(^ hwd of temperature of tlu^ 
cold body, at which heat/ must he takoti in, 
to th(^ hwd at which heat may be discharged. 
Tlu^w^ t(unp(U’aiur(^ ((wds should he as near 
togdhcu' as is pradI(Md)l(\ in ord(u’ that no 
umuKK^Hsary work tnay h(^ done : in other words 
the n.<Ih)n of (he working HubHtan<'e should 
he eoidiruHl to tlu^ naiTow(^Ht possible range 
of tenpxM'ature. The t(nnp<u’ature of-<lis* 
charges should no highcu’ than is neecssary 
to g(d/ rid of the heat., and the 1ow(h’ limit 
should he r)o 1ow(t than will ensure transfer of 
heat into the working suhstarice, from the 
cold body from whieh litMit is to he extracted. 

Let h(^ tlic Lunperatun^ at which heat is 
discharged and the ternptwaturo at winch 
* “Thenuodynamics,” § (1,7). 


it is taken in from the cold body. Consider 
a complete cycle in the action of the working 
substance. Let Q, bo the quantity of heat 
which is discharged and the quantity which 
is taken in from the cold body ; and let W be 
the thermal equivalent of the work spent in 
driving the refrigerating machine. Then, by 
the conservation of energy, 

The useful refrigerating effect is measured by 
Qa, and the “ coefficient of performance,” 
which is the ratio of that effect to the work 
spent in accomplishing it, is Q, 2 /W. 

Wo have iirst to inquire what is the highest 
])ossiblo coefficient of ])orformaneo when 
the limits of tomporaiuro and Tg are 
assigned. Wo know by ihe principle of Carnot 
(“Thermodynamics,” §§ (18) to (20)) that 
when heat ])asHos down from to T^ through 
a hoat-cngiiic, the ideally greatest efficiency 
in the conversion of heat into work is obtained 
when the engine is thermodynamically revers- 
ible. In that case 

Qi Q2 

T/~T2* 

The output of work W is Hence 

the ideally greatest output of work is related 
to Q 2 , the h(xUi rej(Hctc(l at the lower limit 
of temperature', by the eepiation 

W ..Q2(Ti-T2) 
i.2 

A coiTOH])(mding proposition in the theory 
of rcfrig(U‘ation (which will bo proved immedi- 
ately) is that the ideally greatest coefficient 
of performance of a refrigerating machine, 
working to ptim]) tip heat from to is 
obtained wlum the machine is thermodynamic- 
ally reversible. In that case the same 
relation holds, namely 

Qi Q2 

T\-"T2' 

and the amount of work W which is spent in 
(hiving the machine (and is equal to 
is rdated to hy the eiiuatlon 

T,, 

In other words, the greatoH amount of work 
that is th(x)r(I/i<!ally obtainable in lotting heat 
[lass down through a givtxi ranges of tcunjicra- 
ture is the had amount of work that will 
Huffict^ to [)ump up the same quantity of 
heat through the same range. 

To show that no nvfrigcrating machine can 
ho more effident than one that is reversible, 
w<^ shall use an argument of a (piit(^ gixieral 
chara(d(n', based on the Second Law of 4Tienno- 
dynamicH. Let E, Fif/. 1, bo a revorsiblo 
refrigerating maolunc, rovorsed and thoreforo 
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serving as a heat-engine. It takes a q^uantity 
of heat, say Q^, from the hot body, and delivers 
a quantity Qa to the cold body, converting 
the difference into work. Let all the w'ork W 
which it develops be employed to drive a 
refrigerating machine R : and assume that 
there is no loss of power in the connecting 
mechanism. Accordingly the two machines, 
thus coupled, form a self-acting combination. 

If the machine R could have a greater 
coefficient of performance than the reversible 
machine E, that would mean that the ratio of 
Q., to W would be greater in R than in E. 
Hence (W being the same for both) R would 



take more heat from the cold body than E 
gives to it, and R would also give more heat 
to the hot body than E takes from it. The 
result would be a continuous transfer of heat 
from the cold body to the hot body by moans 
of a purely self-acting agency. This would 
be contrary to the Second Law of Thermo- 
dynamics : we conclude, therefore, that no 
refrigerating machine can have a higher co- 
efficient of performance than a reversible 
machine working between the same limits of 
temperature. 

It follows that all rovorsiblo refrigerating 
machines working between the same limits 
of temperature have the same coefficient of 
performance. It also follows that the value 
of this coefficient is that which would be found 
in a reversed Carnot cycle, namely 

Q2 „ *^2 

w”Ti-t; 

This is the ideally highest coefficient ; it 
measures the performance of what may be 


called a perfect refrigerating inachino. TIu^ 
coefficient of ])erformatico in any r'oal inacliiuo 
is necessarily loss, for the cycle of a real 
machine falls short of reversibility. 

The following are numerical valiums of this 
expression, namely values of the codlicieiit 
of performance in a perfe(^t or rev(u’Hil)lc 
refrigerating process, for various ranges of 
temperature. Though these are ideal (igures, 
representing a thooroti(uil limit which c.annoi 
be reached in practice, and is in fact not 
nearly reached, they illustrate the im])ortance 
of making the range of temperature as small 
as possible by taking in the heat which has 
to be extracted from the cold body at a tem- 
perature no lower than can be helped, and by 
discharging it after the least practicabh^ rise. 

COJKimOIKNTS OP PPIlPORMANOn 

OB’ A Perfect REFRtaEUATiNC- IVIacuinf 


Lower lAiuit 
oC Temperature 

Tipper limit of TVuupemi- 
turerfOentigrade). 1 

(Centigrade). 

1()“. 

20". 

30". 

40". 

no". 

-20“ 

8-4 

(h3 

5.1 

L2 

3d 

-15“ 

10-3 

74 

5-7 

el -7 

4d 

-10“ 

KM 

8-8 

()'U 

nil 

44 

- 5“ 

17*0 

10’7 

7*7 

G-O 

4-0 

0“ 

27-3 

13-(> 

9-1 

(b8 

5-5 

5“ 

5r>-c> 

18-5 

lid 

7‘i) 

(1-2 

10“ 


28-3 

Md 

0-1 

i 

7d 


§ (2) The YAPOXTR-ooiyrraESSioN IMiocesh.— 
The working subskince in a refrigerating 
cycle may bo a gas wliioh remains gaiSeous 
throughout, such as air. More commonly it is 
a fluid which is alternately ('.on deni sod and 
evaporated. During evai)oration at a low 
])ros8urG the fluid takes in lu^at from 
cold body; it is tlion c.ompn^sHCHl and givers 
out heat in bcHjorning conchmseal at a rdativdy 
high prosHuro. A machine for carrying out 
this is called a vapour-corn pre^ssiou 

refrigerating machine. Tlu^ seltH'tion of the^ 
fluid is governed by practical ('onsieleTations. 
Water is useHl in some easels, but a seulous 
drawback to its use^ is the veny large'i volume 
and low prcssnin of the vapour at low tennpe'.ra- 
turos. Tboro arc obvious advantage's in using 
a flxiid whose^ vapour-pressure is neither in(U)n- 
voniontly small at the 1 ow(t limit of tennpeu’a- 
turo nor inconvcmicntly large at tiho upi.)(W 
limit. The fluids most commonly useul are 
ammonia and carbonic ae'.iek Ammonia lias a 
convenient rang(’) of vapour- (iressu re ib rough- 
out the range of temperature with which 
wo arc oonoemoel in praefical revfrigcration. 
It has the drawback that it acts eliennically 
on copper and brass ; aeicorelingly none of 
the parts of an ammonia ]>lant that arc 
oxxioacd to contact with the working substance 
may be made of these mentals. From the 
thermodynamic point of view ammonia admits 
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of very eilioicnt working ; it is, in fact, tlio 
favourii.c substance wiicii economy of power 
is tlio cliiof factor in determining tlio choice. 
With carbonic acid tlic vajioiir-pressnre is 
considerably higlxer, the critical point is 
reached at a toinporaturo that may come within 
the range of operation, and the thermodynamic 
efficiency is somewhat less. Notwithstanding 
those objections, carbonic acid is frequently 
preferred, os]-)ocially on board ship, whore 
it is more harmless should any of the fluid 
esc{i[)e by leakage into the room containing 
the ma.cliine. For use on land, especially 
when the vapour-compression process is carried 
out on a largo scale, as in ice-making or in 
tfu^ cooling of large stores, and the highest 
tluu’modyuamic enicuency is aimed at, ammonia 
is usually (chosen. Other fluids with lower 
vapour- pressures arx^ oe.easionally preferred, 
esixeeially in small [xlants, sucli as sul- 
phurous ae.id, ethyl chloride, or methyl 
eliloridc'. 

If the reveiWHl (hrnot cycle were 
actually fo!lovv(Hl, tlu^ choice of working 
fluid would make no dilTenaiee to the 
(^fluncncy : the co(^ffici(afll of pculorm- 
aiu'.o for any fluid would liave the 
valium Tjj/(Ti “'- ly. Rut a j>art of the ij|||j]|] 
revtu’sed Oarnoi. eyerie is omitted in 
practice, with ihe result tliat the co- |]||||] 
0 ( 11 (^ 1011 1 is r(',(Iu(HHl, and the (extent of ™ 
(he rediuflion (kqxmds on the nature . ||[]jhw 
of ilu^ fluid ; it is greater iu cathonio pi 
aeid than in ammonia. 

To (^arry out a r(W(M’S(Ml Farnot <^yolo [|]| 
(U)tnplet(^Iy, with separaiii^ organs for ^ 
the HiUKHWHivo events whkh make iq) lilllil 
the cych^, would r<H(uiro ; 

(1) A compn^ssioii cylinder in whieh 
th(‘ vapour is conipwHSCMl, from the 


The omission of an expansion cylinder, with 
tho substitution for it of an expansion- valve, 
simplifies tho machine, but it introduces into 
the cycle a definitely irreversible stop. It 
thereby reduces tho coefficient of performance 
for two reasons. Tho work which would be 
recovered in the oxjiansion cylinder is lost ; 
and also the refrigerating effect in the evapor- 
ator is reduced, for more of the liquid is 
vaporised in the act of streaming through the 
expansion -valve than would bo vaporised in 
adiabatic expansion, consequently less is left 
to bo evaporated by subsequently taking in 
heat from tho cold body. The loss of efficiency 
from these two causes is not, however, very 
important under ordinary conditions. If the 
expansion cylinder were retained as part of 
tho machine its ofloctive volume would need 
adjustment relatively to that of the com- 


-Orgaus of a Vaiioui'-comprcBBiou 
Itofdgeratiiiff Mariiiiu^. 


pi*(wure (’.orri^spoiuling to to tho pn^ssuro 
(u)n’<'Hpon(ling to 'T,. 

(2) A cOnd(MiH(U’ iu whieh i(i is coiKkuised 
at) lY A typical form of this organ would 
1)0 a surface coiKhuism* iu which the working 
fluid giv('H up its luMit to cdrculating wat;er. 

(Ji) An (expansion cylinder in which it 
expands from (.o lY 

(-1) An evaporaiior in wbieli it takes up 
hciat all T.j from tlu^ cold body from whi(ih 
JkmiI) is to b(' (extracted. This vessel is some- 
tinuvs eallin! (be refrigerator.” 

In iKvirly all ri^frigeratiiig maeliincH the 
exiiaiisioii cyliiuhn’ is omi(.(«(^d for nviHons of 
praetiieal eonveni(Mice, and ihe fluid streams 
from (2) to (-1) through a throttle valve with 
an adjusiahle opc'uing, c-alhMl the ” regulator” 
or “ oxpanHioii"Valv(x” In passing tho ox- 
fifuision-valve the pn^Hsure of ihe working fluid 
falls to thsit of the evaporator; its tempera- 
ture falls to Ta and part of it hec-omes ovapor- 
atcxl btdore it Ix^gins to take iu heat from the 
cold body* 


prossion cylinder, iu order to secure tho best 
results under varying conditions as to tlie 
limits of temporatuTO. Ratlier than intro- 
duc-e this complication, it is worth while to 
tnake tho slight saerifleo of thennodynamio 
effiei(mey wliich is involved in letting tho com- 
])reSHod fluid ])aHS back to the low-pressure side 
of the a.pparatus tlirough an expansion- valve 
instead of through a lylitulor in which it would 
do work in oxi)anding to tho lower pn^ssuro. 

In the usual typo of vai)our-com prossion 
refrigerating machine, accordingly, the expan- 
sion (iylinder is omitted, and the organs arc 
those sliown diagrammatically in F?>/. 2. 
They are (1) tho com pre^ssion cylindtw B; 
(2) a coinUmsor A such as a coil of pi))e 
<h)oI(hI hy ciixiulating water, in wJiich the 
working subsianee is (ioiidensed under a rela- 
tively high fin^ssurt^ and at ihe up])er litnit 
of tcnnfxwaturc fl\ ; (3) an ex[>anHion-valve 
or regulator R through whicli if streams from 
A to (1; (4) tho evaporator (!, in which it 
is vaporised at a low pressure by taking 
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in heat from the cold body at the lower limit the vai)our or wet mixture in the cylinder 
of temperature. The evaporator may for until its pressure becomes ecpial to ihat in A. 
instance be a coil of pipe fixed in the cold This compression reduces the volume of the 
chamber (generally near the ceiling) and fluid in the cylinder to Vjj, The valve loading 
taking in heat from the surrounding atmosphere to A then o])ens, and the back stroke is com- 
of that chamber ; often it is a coil placed pleted under a uniform pressure while the 
in a tank and surrounded by cold circulating working substance is discharged into A and 
brine which serves as a condensed there- The valves of the com- 
y2 ^ vehicle for conveying heat pressor are spring valves which open and close 

^ to the working substance automatically in conse<][ uoiico of the changes 

X. from a cold cham in pressure, and are situated in the cover of 

ber or from cans the cylinder in such a manner as to make 

> f the clearance negligibly small. For the same 

reason the ends of the piston aro 
often curved. These features aro 
■■■ „„ ..I.. ' 1 ^ .— illustrated in ^ig. 4, which is a 

sectional drawing of an ammonia 

< — compression cylinder showing the 

Fig. 3.— Indicator Diagram of Compression Cylinder. form of the piston and the arraugo- 

mont of the admission and delivery 
for ice-making or other objects that are to he valves at each end. To complete the cycle, 

refrigerated. the same quantity of working substaiico is 

The action of the compression cylinder allowed to pass directly from A to 0 through 
is shown by the indicator diagram, "Fig. 3. the expansion-valve R. 

During the forward stroke of the compressor The temperature T^ at which condensation 
the valve leading to A is shut and that leading takes place is in practice necessarily a good 
from C is open. A volume of the work- deal higher than that of the circulating water 
ing vapour is taken in from C at a uniform by which the condenser is kept cool, for a largo 
pressure corresponding to the lower limit Tg. amount of heat has to bo discharged from the 
In most actual cases what is taken in is not condensing vapour in a limited time. But it is 
dry-saturated vapour but a wet mixture, the important that the condensed li((uid should bo 
wetness of which is regulated by adjusting the brought as nearly as possible to the knvcjst tem- 
expansion-valve R. This is in order that the perature of the .available water-supply Ix^foro 
subsequent compression may not produce it passes the expansion-valve, though it may 



l^iG. 4. — Section of Ammonia ComprcHBion Cylinder. 

much, if any, superheating. It is possible to have boon condensed at a cjonsidorably lughor 
make the compression wholly “ wet ” by temperature, and sometimes a supplementary 
taking in a sufficiently wet mixture: more vessel called a “ cooler'” isaddedforthispurpoHo. 
generally the expansion-valve is adjusted so The complete vapour-com])reiHHion e-ycdc’) is 
that the vapour is moderately wet to begin exhibited in the entropy-temperatures diagram 
with, and becomes slightly superheated by of Fig. 5, wliicsh is drawn for ammonia as 
compression. At the end of the forward working substance, and (5, wbieh is drawn 
stroke the valve leading from C closes, and for carbonic acid. There dg and cJi are 
the piston is forced to move back, compressing portions of the boundary curves of tlio liquid 
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and tho vapour in the saturated state. The 
point a represents tiio condition of tho mixture 
which is drawn into tho compression cylinder 
when compression is about to begin ;• its 
wetness is measured by the ratio ahlgli. Tho 
lino ab ropreaonts adiabatic compression to 
tho pressure of tho oondensor. Tho next 
})rocess consists of cooling and condensing 

at this constant pressure ; it is made up of 
three stages, he, cd, and de. In the first stage, 
hr, tho su])crheatc'.d vapemr is cooled to the 
tempeiuture at which con- 
rlensation l)OginM; in the next J 

stage, rd, the va])our is com- ^ - 

])lotoly ciondensed ; in tho 
third Htag(‘, dr, the con- 
densed liquid is cooled to the 
lowest available tem])oraturo 
before it passes tho ox- 
])ansion“Valve. The lines 
bo, rd, and do fonn parts 
of one line of (constant - 

pressure. In the diagram U J 

for animoi\ia, Fhj. 5, do is 


the amount of heat taken in from tho cold 
body, is represented by tho area under tho 
lino fa, measured down to a base-line corre- 
sponding to tho absolute zero of tempera- 
ture (see “Thermodynamics” §§ (24) and 
(42)). 

The amount of heat rejected 
cooling and condensation of tho 
vapour and subsequent cooling of 
tho condensed liquid is the area 
under the lines be, cd, and de. 



a h 


KiG. 5. — ^Tho Vapour-comprcHKiou Oyc'.lc, uninff Ammonia. 


])ra<?ti(*.ally indistinguishable 
from the boundary iin(\ but in tho diagram for 
carbonic, acid, fi, the distiiudion is very 
api)ar(Hit bcH'.ause we arc^ there d(Miling with a 
Ihpiid that is highly eompessihle i n con- 
Hocpietu^e of its nc^arnesa to the (U’itical state. 
The line of repreH(mts tho process of pasRing 
through th<^ exi)ansion-valve, in which tho 
j)rosHure falls to that of tho evaporator. This 
proeesH takes place too (pu(ddy for any auh- 
stanlial amount of heat to enter the fluid from 


outisido ; conse<iueutly c/is a lino of constant 
fcotal luwt, for in a throttling proec'ss the total 
lu^ali 1 <lo<^H not (Change (“ Thermodynamics,’* 
§ (32)). Ah a nwult of passirig tho expansion- 
valv(' the working sidwtaneo comes into tho 
condition shown i)y tho poitit/. The jm)- 
[)ortion whieli is e.onverted into vapour hy tho 
act of passing valve is shown by the ratio 
gfli/h. Lastly, W(^ havc^ tb(^ imxH^ss of offcotive 
evaporation when the substances is usefully 
extraetitig heat from tlus brine or other (sold 
body, hy evaporating in fho refrigerator. This 
is roproH(snto(l by the line /a, during which tho 
dryness ebaugos from gf/gh to ga/gh. 

The rcsfj'igorating offcct, that is to say, 


Tho thermal equivalent of tho work 
spent in carrying tho working substance 
through the eomploto cycle — which is simply 
tho work spent oti it in tho compressor — 
is the dilferonco between those two quantities. 
It should he noted that tho work spent is 
not moasurod by the area ahrdefa, enclosed 
hy tho linos which represent 
the com])lctc cycle, because 
the cycle includes tho ir- 
rovorsi hie stop rf. In eonso- 
quonce of that tho work 
Hi)ent is greater than tho 
(mclosed area by tho area 
under tlio lino rf. 

Wlion carbonic acid is 
used as the working sub- 
stanco, tho temperature of 
f/ho cooling water may bo 
HO bigh that tl\e pressure 
}l during cooling is above 
the critical pressure. This 
(tase is illustrated in Fig, 7. 
The lino he tlmn hcfxnnos a continuous 
curve lying entirely outside of the boundary 
(surve. Tlie working substance passes froTU 
tho stat(5 of a Huperheated vapour at 6 
to th(^ state at e without any stage correv 
spending tt> rd in Fig. G, in which it is 
a mixture of liquid atid vapour. As 
bc^foro, the n^frigtu’ating cfTeot is measurc^d 
hy the area uncku* fa ; the lieat rejected to 
the c<K)liTig water is measured by tbe area 
nndew bo; tbe clifTorenco between these two 
quantities moasuroH tho work spent, ami is 
greater than the area of the (dosed figure 
ahofa by the arcMi under the irreversible 
stoj) cf. Even when tho tcini)oraturo of 



|q(j. (K— dlitJ Vapour-coinpn^Hslou (iyde^, using (kirboulc Acid. 
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the cooling water is above the critical 
temperature, a substantial amount of re- 
frigerating effect is obtained, though the 
thermodynamic efficiency of the cycle is 
less than when the upper limit is low 
enough to allow the compressed gas to become 
liquid. 

In all these vapour-compression cycles the 
conditions are to some extent ideal, for it is 
assumed that the compression ah is adiabatic, 
and that in passing the expansion-valve the 
substance takes in no heat by conduction. 
Qnder these conditions the refrigerating 
effect, the work of compression, and the 


Tig. 7.— Cycle for Carbonic Acid, with Compression above the Critical 
Pressure. 


§ (il) Peuformanok of a Maomine.— The 
coefficient of performance, which is tlio ratio of 
the heat taken in from the cold body to the 
work spent in the compressor, is 


Hence estimates of porformanco arc easy 
when we can find the total boat of the liquid 
just before the ex])ansion-valve, and that 
.7 of the va])()ur before 

and after comjirossion. 
These quantiti(^B are 
most readily found by 
^ representing the cyclic 

process on a Mollier 
chart of entropy </> and 
total heat I for the given 
working substance. Faii’Iy 
complete data are avaii- 
able for ammonia, carbonic 
V acid, and sulphurous acud, 

\ and 1(f) charts for those 

substances will be found 
\ in a Report of the Ro- 

\ frigeration Research Cbm- 
\ mittoo of the Institution 

— ■■■* ^ of Mechanical Engineers 

Ct (Min. Proc. J-mt Mech. 

i above the Critical Get. 1914). 

In drawing such cdiarts 


heat rejected may very usefully be expressed 
as follows in terms of the total heat of 
the substance at the various stages of the 
operation. 

The refrigerating effect, that is to say the 
amount of heat taken in from the cold body, 
is la - If, where is the total heat at a and 
If is the total heat at /. This is because the 
(reversible) operation fa is effected at constant 
pressure. For the same reason the amount 
of heat rejected to the condenser and cooler 
is 1/^ - 1^, where those quantities designate the 
total heat at b and at e respectively. Further, 
since in the process ef of passing the expansion- 
valve there is no change of total heat, I/=I,;. 
We may therefore state the amount of heat 
rejected as \-lf. 

Again, the work spent in the compressor 
is (in thermal units) - 1,,, It is the thermal 
equivalent of the area of the indicator diagram 

fb 

in Fig. 3, namely A / VdP, which is equal 

'’a 

to I/, - hy the general principle proved in 
Thermodynamics,” § (38). 

That these results are in agreement with one 
another is soon l)y considering the heat-account 
of the cycle as a whole : 

Work spent I feat rejected -J [eat taken in. 
I4-1,. = (li-i,) - (i„-i^). 


a goomotrical device is re- 
sorted to for the purpose of making the diagrams 
at once open and compact, witli the cvfTeot that 
measurements may bo made with suQhucnt ac- 
curacy on a chart of reasonable aiKO. This 
device, which Mollier originally ad()])ted in 
drawing his l0 chart for carbonic acid, is to 
use oblique co-ordinates. The linos of constant 
I are horizontal ; the lines of constant </>, instead 
of being perpendicular to thorn, arc inclined at 
a small angle. The result is that when the 
chart is drawn the curves on it arc sheared 
over, as compared with the form they would 
have on a cliart with rectangular axes, and 
there is a gain in clearness and in the ])rociHi()n 
with which one may moasuro the (‘.hangt's of 
total heat that occur in the several stages of 
the vapour-compression process. 7%. 8 shows, 
on a small scale, an 1(f) chart, with ohlupio 
co-ordinates, for ammonia, and Fig. 0 shows 
one for carbonic acid. Lines of <!onstant 
pressure and linos of constant temporaitu’o arc 
drawn, and, in the wet region, lines of con- 
stant dryness. (Of. “ddiermodymunicH,” § (-12)). 
In each ease ilio region usdul in r(ffrfg(nution 
is included, and in Fig, 9 thc! ix^gion ('xtc^ruls 
both above and below the eriti(‘,al point. On 
such (diarts it is easy to draw the idc^il diagram 
for any assigned iemptu'aiur'es of (waporation, 
condensation, and Hubs(Hiu(mt cooling, and for 
any assigned wetixoss at the bogiiming of com- 
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prosaion, and in that way to find graphically is about to enter the compressor. This point 
those changes in the total heat which determine is on the constant-pressure lino corres])onding 
the amount of the refrigerating effect and the to the process of evaporation in the evaporator, 
cooiticjiont of ])ci'formanco. and its distance from the two boundary curves 

Ifig, 10 illustrates how the ideal action of a corresponds to the proportion of vapour to 
vapour-compression refrigerating machine is liquid in the mixture. If the compression 



hiu. 8,- M oilier h/> (hart for Auunonia (ohlhpK) (lo-ordlnates). 


r(^|)r(^H(mtod on the l0 chart, lu this example is to bo comjdotely “ dry,” the starting-point 
tlu^ worjdng Hubstanoc^ is carbonic acid, will he* at : more generally the Hubstaru^o 
tlu^ lower limit of temperature at which is slightly wet when compression begins. The 
evaporation oocmth is supposed to bo - 10" (I, straight lino ah, drawn parallel to the lines 
the temperature of condensation is 25" (1, of constant entropy on the chart, is the pro(‘.esH 
and the eondensed liquid is C/Ooled to 15" (1. of adiabatic compression. The position of b 
Ix^fore it streams through the expansion- is determined by the intcrscHd-ion of this lino 
valve. (^yclo begins at the point a, which with a lino of constant pressure corresponding 
represents the state of the substance when it to the known upper limit of pressure at whicdi 
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condensation is to occur. Tlie temperature 
reached in the process of compression is seen 
by the position of 6 among the lines of constant 
temperature. When compression begins at 
a point such as a it involves some superheating. 
But if the mixture is so wet to begin with that 
the adiabatic compression line through a does 
not cross the boundary curve before the upper 
limit of pressure is reached, there is no super- 


heating, and in that case the process is spoken 
of as “ wet ” compression. This would require 
the compression to have begun at instead 
of a. By beginning at (t it carries the substance 
into the region of superheat before compression 
is completed at h. Next we have the constant- 
pressure process of cooling and condensation 
and further cooling, represented in its three 
stages by the linos br,^ cd, and de, the position 
of e being fixed by the tempera turo to which 
the liquid is known to be cooled before it 
reaches the expansion- valve. Then a hori- 


zontal straight lino through e (a lino of ootiatant 
total heat) represents the process of streaming 
through the expansion-valve, and detonnimvs 
a point /, on the evaporation lino, whicili 
oxliihits the condition in which the substance 
enters the evaporator. The ])rocos8 of ova))ora- 
tion fa, which is the olToctivo refrigerating 
process, completes the cycle. The values of 
I,j, I,,, and (which is the same as I,,) are 


road directly by moasuromont from the chart, 
and from them the work Hf)ont in comprossiiig 
the substance, which is I/;-!,,, and the 
refrigerating offoet, which is are 

determined. The position of tlie starting- 
point a, between and a^, which dotermincH 
how far the compression will bo wet or dry, 
does not greatly affect the thermodynamic 
efifioionoy of the ])rocoss. Between tlie two 
extremes there is a certain (h^gnw of initial 
dryness which gives a slightly higher <k)- 
oificient of performance than is obtained either 



Fig. 9.— Mollier Chart for Carbonic Acid (oblique co-or(Unat('H). 
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by Rtarting aa at with dry vapour or as at 
with a mixture ao wet that eoTn])rosaion does 
no more than vaporiao the liqui(l it contains. 
The ]>ositi()n of a for maximum efficiency may 
be found thus : The refrigerating effect for 
any i)osition of the comprcaaion atarting-point 
a ia j)rop()rtional on some scale to the length 
fa. The work spent in com])ressing the 
Iluid is proportional, on another scale, to the 
length ab. Hence the position of the com- 
pression line ah which will give the highest 
coefficient of performance is that which gives 



the siualk^st ratio 
of ab to fa. This 
position is found 
i)y drawing a 
tangent from / to 
tho curve of con- 
stant i)rosHuro 
(id) coni- 

pn^Hsion lino ab 
is then drawn through the 
pyint of contact b, and this 
a as the starting-point 
for maximum officioncy in 
the ideal cycle with adiabatic 
(•.ompression. 

ft does not follow that tho 
same degree of initial wet- 
lu^HS would give tho maxi- 
mum coefficient in a real 
<50 rn pressor, for tho per- 
forman(5e of a real ma(5hin<5 is comidicated 
by transf(5rs of h(5at Ix^tween the working 
subHtatU5(5 and th(5 metal In general suc5h 
tranHf(5r-s will h<5 less when the working sub- 
stan(5(5 is dry. On the other hand, with a wot 
mixture, what is caffixl th(5 volurnotneoffieieiicy 
of the apparatus is greater, since a larger 
(juatitiiy of tho working substance passes 
through tlH5 ma(5bin(5 for every c5ubic foot swept 
through l)y (he piston, and this t(5nds to reduce 
tho pro})ortion of tbos(5 losses that arise from 
nuMshanical fri(5tion, and from, radiation and 
( 5 ondncih)n between tho apparatus and its 
onvironmoiit. 


LO. 


Incidentally, Fi(j. 10 illustrates the loss of 
refrigerating effect that would result from 
omitting to cool tho condensed working fluid 
down to tho lowest available temperature 
l)oforo it passes through the valve. If instead 
of being cooled to 15° C. it were allowed to pass 
through the valve when its temperature is 
still 25° C. (the temperature of condensation), 
tho operation of passing the valve would be 
shown by the line df^, and tho process of 
effective evaporation would begin from tho 
state f,i instead of tho state /. 

Whatever he the working substance, an 
essential feature of any vapour-compression 
refrigerating machine is that tho vapour must 
bo pumped up from the low-pressure region 
in which it has been evaporated to tho high- 
pressure region in which it is to he condensed. 
But this ])umpiug up may bo effected in more 
than one way. Tho usual way is by means 
of a cylinder and piston, and so long as the 
vapour-prcHHure is moderately high the use 
of a eomprossing piston is (piito satisfactory. 
But when tho vai)our-])rossuro is very low, as 
it would bo if water wore used for tho working 
Ruhstance, tho volume to ho swept through by 
a compressing ])i8ton would bo so largo aa 
to bo very iuconvoniont, and tho amount of 
work which would he wasted through friction 
between the piston and cylinder would bo an 
oxcossivo addition to tho legitimate work of 
oomprossion. Not only would tho machine 
be exceedingly bulky but its practical oiricioncy 
would bo exceedingly low. At 0° 0., for 
example, tho density of water-vapour ia so 
small that about 365 cubic foot of it are 
required to absorb as mnoh latent heat as one 
cubic foot of ammonia- vapour. Hence to use 
water- vapour as a refrigerating agent some 
appliance must bo resorted to which will 
avoid tho bulk and frictional waste of an 
ordinary oomprossion pump. One such appli- 
anc5o is an ejector or jot pump, in which an 
auxiliary stream of vapour, supplied at a 
cotuparativ(5ly high proBsure, forms a motive 
jot which drags with it tho va])our to bo 
“ aspirated,” namely tho vapour whi(5h has 
boon formed by ovax)oration at low preasure, 
HO that both j)aaH on togC5tlic5r to bo (5ondonH(HL 
An indopendonfc supply of steam at a bigher 
proHBuro forms the motive jot. It ac5quireB a 
high velocity in a disoliarge nozzle of tho typo 
which lirst (5onv(5rgOH and then divorgea. Idio 
low-prcssiiro vafxnir to bo aHpirato<l is allowed 
to enter tlio tiozzle, from tho side, at tho 
reduced section, where tho vcloc5ity is greatest 
and the pressure ia least. Tho jet communi- 
cates some of its momentum to that vapour, 
and tho mixed stream passes on to the cem- 
donser through tho div(5rgent C5hanncl, losing 
velocity an<l gaining presauro as it go(5H. 
This enables tho prosaure of tho working sub- 
stance to rise from tho lower limit at which 
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the aspirated vapour is formed to the higher 
limit at which it is condensed. In refrigerat- 
ing machines constructed to act in this way 
the quantity of vapour in the motive jet is as 
much as three or even five times the quantity 
that is aspirated. The thermodynamic effici- 
ency of the method is found on trial to be 
only moderate, but the apparatus has advan- 
tages in point of simplicity and in the absence 
of any worldng substance other than water. 
It has been apphed not only to cool water, 
but also to maintain a temperature consider- 
ably below 0° C., in which case brine is sub- 
stituted for fresh water as the working sub- 
stance whose vapour is aspirated, and the 
cooled brine is prevented from becoming too 
dense by systematically returning to it enough 
water to compensate for the evaporation. 

§ (4) Reprigbeation by Compression and 
Expansion of Air. — So long as the worldng 
substance in any refrigerating machine is a 
vapour which becomes hquefied during the 
operation, it is practicable, as we have seen, 
to dispense with the expansion cylinder. The 
step-down in temperature, which occurs while 
the substance passes the expansion-valve, is 
an example of the Joule-Thomson cooling effect 
of throttling (see “ Thermodynamics,” § (50)). 
This effect is large when the substance is 
a mixture of liquid and vapour. It is also 
large in a gas near its critical point, and hence 
a machine using carbonic acid under tropical 
conditions can be effective without an ex- 
pansion cylinder although the substance may 
not have been liquefied under compression. 
A gas near its critical point is very far from 
perfect and does • not even approximately 
conform to Joule’s Law. A gas which con- 
forms to that law would suffer no step-down 
of temperature in passing an expansion-valve. 
With a gas such as air, which is nearly perfect 
at the temperatures and pressures that occur 
in ordinary refrigeration, the step - down 
would be too small to serve the desired purpose. 
Hence with air for working substance an 
expansion cylinder becomes an essential part 
of the machine. Refrigerating machines 
which use air, and cool it by means of expan- 
sion in a cylinder in which it does work 
against a piston, are amongst the oldest 
effective means of producing cold by mechani- 
cal agency- They are still used for the direct 
cooling of the atmosphere of cold stores, but 
their use is now loss common, because machines 
in which the working substance is a condensible 
vapour are not only more compact but give 
a better thermodynamic return for the work 
spent in driving them. Historically, refrigerat- 
ing machines which use air are important, for 
it was by their successful use that the cold- 
storage industry was created and the business 
was established of conveying refrigerated 
cargoes overseas. 


The air - machines which are in actual 
use operate by taking in a ])oi‘ti()n of air 
from the chamber that is to ho kept cold, 
compressing it more or loss adiabatically 
with the result that its toniperaturo risers 
considerably above that of the available 
water supply, thou extracting heat from it 
in the compressed state by means of circulat- 
ing water, then oxi)anding it in a cylinder in 
which it does work, with the result that Its 
initial pressure is rostorocl and its temj)orature 
falls greatly below the initial temperature. 
It is then returned into the atmoH])hero of 
the cold chamber, with which it mixes ; the 
object being either to lower the toniperaturo 
in the chamber or to keep it from rising through 
leakage of heat from outside. This ty])o is 
known as the Bcll-Ooleman air-machino. 

As applied to the cooling of a chamber 
such as a cold store or tlio hold of a ship. 



the apparatus takes the forin shown diagratn- 
matically in Fig. 11. In the phase of action 
shown there the pistons are moving towards 
the left. Air from the cold chamber (j is 
being drawn into the compression cylinder 

M. In the return stroke it will be coini)rosH<al 
from one atmosphere to about four, with the 
result that its t<‘m])eratur(^ may lx-) raised i.o 
130^ (1 or higher It is doUveuvd utu1(M’ this 
])rcBsuro to the cooler A, wluu’e it givers up lu^at 
to the circulating water and (u>m('is <Io\vti bn 
near atmospheric tonqioraturo. tfum passes, 
still at high pressure, to the expansion (ylinder 

N, whore it does work in expanding down to 
the original j)rcsHuro of about one atmoH[)h(^ro 
and thereby becomes very (iold, nniching a 
tomporaturo of perhaps -•(!()” 0. or 70" (\, 
in whicih condition it is returned to the cold 
chamber. An ideal indicator diagram for 
the whole cycle is given in Fig, 12, wlu'rc fehe 
shows the action of the eonqu’cssioni cylindtu* 
and eadf shows that of the exj)anHi()n cylituh^r. 
The area,a6ccZ measures the not amount of 
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work that is expended. In the diagram the 
conijn'osyion and ox})ansion arc both treated 
as adijibatic, and the volume of A as well as 
that of C is assumed to ho so largo that during 
delivery of the air its pressure does not sensibly 
oliango. Writing for tlio specific boat of 
air at constant prossui-e, and T„, T^,, T,., and 
T,; for tho tomporaturo of tlie working air, at 
tho points a, b, c, and d of the diagram, we have 
Qa ■“ T<d for the heat rojooted to the 

cooling water, and Q(j ~Kp(T^. - T<d for the 



Put P.2.- -Indicator DiaKnim of Air-iuaoliluo. 


Qa "Qd- <‘.oolli(m>i\t of pei'formanco is 

Qvl{Q,\ “ Q.c)* t^ine.o ratio of toniperaturoH 
in tlu^ )idiabatio o.\{)auHi()n of a gas depends 
on tlu^ ratio of volumes, 




Hotuu^ 


Qd 

Qa' 


T/ 

T, 


from wluob 


X, 


Q(i T, 

Qa-Qo T. T,. 


This (Mxdncient of perfornuuux' is low beoauso 
of i-he very lai'g(’i ra.nge of l^(’'m|»(n’aiur(^ tliroxigli 
vvbicb lilio working air is carried. For this 
n^asoii, and aJso Ixuiause of greater frictional 
losH<^M, an actual air-maclnne give-s roHiilts that 
cortiparc unfavonrtibly wiib those obtained by 
using vapour compix^ssion. 

In tln^ working of air-machines the presence 
of moistun^ has to bo reckoned with. The 
air coming from tlu^ cold chamber is more 
or h^Hs HtUairal-ed : during expansion it beeomes 
MU[xx’Hatura(i(Ml, an<l tlunvater from it would be 
(IcposidHl as snow in the oxjiansion cylinder, 
and mighii in(/(u*ftu’e with the action of the 
nuHdianisrn if preventive devKioH were not 
introdtKHxh On(^ smdi dewico is to divkle 
th(^ whole expansion into two stages by making 
it (Compound. In tlio first stage the expansion 
is carried only far (xxougli to cool tho ait to 
a t(un(xx’atnr(^ just abovc^ tho frecyang-poiirt, 
III that way tuxii’ly all tho moisture is 
(h^positxxl in, i.lu^ form of water, and is easily 
draiiKxl away beforo th(^ (inal stage, whi<‘-h 
would froozo it, begins. Another <lovicc is 
to (sondenso out most of the moisture beforo 
expansion, by passing the comfiressed air 
through l,)ipes, oallocl drying pipes, wMoh 


bring its temperature down to near the 
freezing-point before it enters the expansion 
cylinder. 

§ (5) Direct Appijoation of Heat to pro- 
DiTCB Cold. Absorptioti Mciohine-s . — As was 
mentioned at tho beginning of this article, 
in some refrigerating appliances there is no 
application of mechanical power : the agent 
is heat, which is su})p]ied from a higli- 
tcmjierature source, and is employed in such 
a way as to cause another quantity of heat 
to pass from a cold body and to be discharged 
at a temperature intermediate between that 
of tho cold body and tho hot source. Such 
machines act by tho absoiqition of one sub- 
stance by another, to form a solution or 
com])ound, and tho subsequent separation of 
tho constituents by tho agency of heat. In 
such machines tho efficieney of tho action 
from the thermodynamic }ioint of view is 
measured by the heat ratio Q2/Q, whore Qg is 
tlio heat extracted from the cold body, and Q 
is the high-tomjierature heat which is supplied 
to carry out tlio operation. 

A typical example is tho ammonia-absorp- 
tion rofrigiwating machine, in which the 
vapour of ammonia is alternately dissolved 
by cold water under a relatively low pressure, 
and distilled from solution in water under a 
rolativiMy high pressuro by the action of heat. 
I’he ammonia vapour, driven off by applying 
heat to a solution, is oondciisod in a vessel 
which is kept cool by moans of circulating 
water. In this way anhydrous liquid ammonia 
is obtained at high pressure, which (just as 
in a compression machine) is then allowed to 
pass through an expansion-valvo into a coil 
or vessel forming tho evaporator. A low 
jiressure is maintained in the evaporator by 
causing tho evaporated vapour to pass into 
another vessel, called the absorber, where it 
comes into contacit with e.old water in which 
it becomes dissolved. When the water in tho 
absorhor has taken up a HuOicient proportion 
of ammonia, it in turn is heated to give oil 
the va]X)ur again under high pressure, in tho 
simiilosfc form of the a])paratus the same vcvssol 
servos alternately as absorber and as generator 
or distiller. I^^ir continuous working tluu’o are 
separate vossoly, and the rich solution is 
transferred from the absorber to tlie generator 
by a small pump, while the water from which 
ammonia has been exjit^llod Hows baxik to the 
absorlxu* to dissolve more ammonia. Tho 
scheme of such an apparatus is shown diagram- 
matically in Fig. Ilk .Heat is aiipliod to the 
solution in tho generator by means of a steam- 
coil, Tho gas [)asHeR olT at top to the oimdcnscr, 
thou through th(‘ expansion or regulating valve 
to tho evaporator, and then on to tho absorber, 
where it Tneots a cuiTcnt of water or very 
weak solution tluit has come ov(‘r from tho 
bottom of tho generator, i^etwexvn tho 

2 V 
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generator and absorber is tho intorchanger, 
a device for economising heat by taking it 
from the water that is returning to tho 
absorber, and giving it to tho rich solution 
that is being pumped into the generator. This 
rich solution is delivered at tho top of the 
column in the generator ; as tho liquid parts 
with the ammonia it becomes denser and falls 
to the bottom, where it escapes to the absorber 
through an adjustable valve. When water 
absorbs ammonia a large amount of heat is 
given out. Hence the absorber as well as the 
condenser has to be kept cool by means of 
circulating water or otherwise. Under the 
most favourable conditions tho quantity of 
heat which such a machine takes in from the 

n cold body is considerably 
less than the quantity of 
higli-temperature heat that 


^ntercliq\iger 


^^iRefrlger- 

ator 

or Evapor- 
ator 


It is obvious that a bettor thermodynamic 
result would bo attainable if the i)]'ocess of 
absorption of tho va{)our woj'o atiend(Ml by the 
giving out of less heat than is (Mpii valent to 
the latent heat of tho va]K)ur itself. Idiis is 
tho case in a i)rf)cess patented ])y Mr. W. W. 
Seay, in which ammonia vapour unites witih 
certain anhydrous salts, for which it has 
much atlinity, such as tho sulphoeyanido of 
ammonium (NH.iCNS), or the nitrate, bromide, 
or iodide. Any one of those salts forms a 
suitable absorbent. Tho ammonia va]')()ui’ 
unites with the dry salt to form a U<pud 
solution, from which tho ammonia va])our 
can again bo driven olT by the a])])li(i!itiou 
of boat, leaving tho salt (Iry and ready to 
serve again as tho absorbent, '.rhe vapour 
is strictly anhydrous, for no water is present 
in tho working substance at any stage. 1110 
heat given out during absorption of the 
ammonia vapour by the salt is substantially 
less than tho latent heat of tho vapour itself 
at the same j^rossuro, for part is talcen u{) 
in liquefying tho salt. Similai'lyi the heat 
required to olToct a separation of ammonia 
vapour from tho salt is substantially less 
than tho latent heat of tho vapour, for part 
is supplied by the solidification of the salt. 
Consequently, when this process is made tiso 
of for the purpose of refrigeration, tho ratio 
of the heat which is extracted from th(^ cold 
body to tho high-tomperaturo heat, which is 
supplied to tho generator, wotild b(^ grc'Mtcu’ 
than unity, if it wore not foi’ sikOi losst^s as 
. occur through imperfection in the working. 
Practical difiiculties in tln^ use of such saJta 
arise from the fact of their turning qoHd, 
during tho operation, and from their t(mdono, 
to act chemically on the metal of containing 
vessels. 


fiegulatitig Valoe 

Fig. 13. — Organs of an Anmionia Absorption 
Machine. 

has to be suj’jplied, for it needs a greater 
number of thermal units to separate ammonia 
gas from solution in water than simply 
to evaporate the same amount of liquid 
ammonia. 

In another type of absorption machine 
water-vapour is the substance which is 
absorbed : it is taken up by sulphuric acid, 
from which it may again be separated by the 
agency of heat. Such a machine has been 
used for ice-making, the evaporation of part 
of the water serving to freeze the rest. In 
this case also the heat rati(\ namely, tb,e ratio 
of heat usefully oxti'acted to heat supplied, 
is less than unity, for it takes more heat to 
separate tho va])onr of water from a sulphuric- 
acid solution than from pure water. It is a 
familiar fact that when water is mixed with 
sulphuric acid much heat is given out. 


Any appliance for the production of cold 
by tho agency of heat requires a supply of 
heat at a tomporaturo higher than that of 
tho surroundings. There are necessarily 
three temperatures to be considered: (1) tho 
low tem[)erature T^ of tho cold body from 
which heat is being (^xtra(d(Hl ; (2) the intor- 
modiato tcinperatiu’e of the available 
condensing water or other “ sink ” into whidi 
heat can be nqectod ; and (3) tfie high 
tomporaturo T of tlu^ sourcio from wbi(‘h luMit 
is supplied to pei-forrn the operation. Any 
such a]q)lianoe may be regarded as equivalent 
to tho combination of a motor or beat-(mgiu(^ 
driving a refrigerator or luuit-puinp (EUj. |4). 
A quantity Q of high -ten ij)erat are heat goes 
in at one place, and th(M*ehy causcH a ((uantiiy 
Qo of low-tom poratnro heat to go in at anol her 
place. Heat is nqocted at the inhunnediate 
temperature Tj, and the luuvt so r(‘j(H!t(Hl is 
equal to the sum of Q and for no work is 
done by the ap})lian(i(^ or spent upon it as a 
whole. This (Icscriptiou applies whetJier tho 
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[ipi)liaiico iw actually a mechanical comhination. 
of a hcat-cnp;iiio with a heat-])ump, or in an 
ahHor[)ti()u machine with no conversion of 
heat into work and worJc into heat. In either 
case wo have to consider what is the ideally 
greatest ratio of the low - temperature lioat 
Qa, which is extracted from the cold body, to 
the high -temperature oi* driving heat Q, when 
the thn'o temperatures To, and T are 
assigned. 

Suppose, (irst, that the machine consists 
of a perfect (reversible) lioat-engino driving 



a piwfect (r(wersible) heat- pump. Then it is 
easy to cahailaU^ tlie ratio of the heat extracted 
Qa to tlio luMit supplied Q. Writing W for tho 
hea(r('<piival<Mit of iihe woi’k clevelo[)e<l in tho 
healz-engine and omjjloyed to drive tho heat- 
pump, wo hav(^ 

T ’ 

si nee tho h(nit-(mgin{^ is rovorsihlo. Again, 
sine.e the heat-pump is also reversible, 

W ■ '>•’») 

Ta 

Ileneo Q.. Ta(T ■ T,) 

Q. T(T, 

whi(^li giv<^s tb(^ r<M|uir{Ml ralio of heats. 

§ (6) Mn'ioon^iNov ok Abs()hi»tion PuormstflS. 
“ -''riu' itnporta.nc(^ of this result lies in tho 
fa(h) that no otluw method of applying heat to 
f)r<)duo{'i (uild ean give a higher ratio of Tjj 
to (vb th(^ thrc'-e tem|)eratnreH T, Tj, and Q 2 
being assigmul. ''Po ])rove this, imagine tho 
comhination of roversibU^ heat-engine and 
rov(u'Hihle heat-pump to he reversed; it will 
tluMt give out an amount of heat equal io Q, 
to th(^ hot body and an amount oqtial to 
to the cold body, and it will take in an amount 
e(pial to Q i Qu from the intermecliato body 
at Ti. It will still develop no work as a 
whole, nor recpiire work to be spent in driving 
it. Xtnagiuo further that botwoon tho hot 


body and the cold one there arc two appliances 
working — both using tho same intermediate 
temperature — one of which is this reversed 
combination, and the other is a refrigerating 
machine (such as an absorption machine) whoso 
otticiency we wish to comi)aro with that of 
the combination. Then if it were possible for 
that machine to have a higher efficiency than 
the combination, it would extract more heat 
than Qo from the cold body for tho same 
expenditure of high-temperaturo heat Q. 
Hence, when both work together, namely, the 
combination working reversed and tho other 
machine working direct, the cold body would 
lose heat while on tho whole the hot/ body 
would lose none. In other words, we should 
then have an impossible result, namely, a 
simjdo transfer of heat, by a X-)uroly self-acting 
agency, from a cold body at Tg to a warmer 
body at T^, the intermecliato temperature. 
Tho agcnc^y would bo self-acting in the sense 
of being actuated by no form of energy, 
mocdianical, thermal, or other. Such a result 
would bo a violation of tho Second Law of 
Thermodynamics. The conclusion is that no 
moans of employing licat to jiroduco cold, 
whether directly as in an absorption machine, 
or indirectly as in a coinprossion machino 
driven by an engine, can bo more ctlicient (for 
the samc^ three tomporaturos) than tho com- 
bination of a reversible hoat-engino driving a 
rovorsiblo lioat-i)ump. hlcnco the expression 

Q.^T2(t«Ti) 

Q“T(1\-T2) 

measures tho ideally greatest ratio of boat 
oxtraettod to heat supplied. Any real appliance 
will show a smaller boat-ratio in consoquonoo 
of irreversible features in its action. 

It is instructive to consider this action in 
relation to tho entropy of tho system as a 
whole. So long as tho action is completely 
rovorsihlo, tho ontn)j)y of tho system docs not 
change. I'lio above GX])rossion may bo written 
in tho form 

from whic.li 1-?;“. 

J -I J. X2 

This expresses tho conservation of entropy 
for the complete roversibki o[)(u*ation. Tho 
entropy of tlio system as a whole does not 
change, for the term on the k^ft is the gain 
of entropy by tlio l)ody at T^ to which lu^at is 
reje(5ted ; the two terms on tho right are tho 
losses of entropy by the hot body and cold 
bofly respectively. Tho whole action may bo 
regarded as a transfer of laitrojiy fi’om two 
sonnies at T and T.^, to an intermediate sink 
at^V Ho long as the action is reversible this 
transfer occurs without alTecting tho aggr(\gate 
ontrojiy, but if it is not completely rovorsil>lo 
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the aggregate entropy will increase ; in that 
case the term on the left becomes greater 
than the sum of the terms on the right. 

Again, the equation shows that, under 
reversible conditions, the product of the 
entropy lost by the hot source (through the 
removal of the heat Q) into the drop in tem- 
perature which that heat undergoes, namely, 
from T to T^, is equal to the product of the 
entropy lost by the cold body into the rise 
of temperature of the abstracted heat Qo. 
Each of these products is in fact a measure 
of W, the work wliich the heat-engine produces 
and the heat-pump consumes in the ideal 
combination of reversible engine with reversible 
pump. 

A mechanical analogue to this thermal 
operation is obtained if one thinks of a machine 
for lifting water in a bucket from a low level 
to an intermediate level, by letting water 
come down in another bucket from a high 
level to the same intermediate level. If the 
buckets are connected by frictionless pulleys 
the operation is mechanically reversible. Let 
H, Hp Hq represent the height of the high 
level, the intermediate level, and the low level 
respectively, above any convenient datum 
level Then the energy equation is 

where M is the weight of water that, c- 
down from H to Hi, and cne weight of 
water that is hfted ^ om to Hj. On 
comparing this wlui the above equation for a 
correspondi^ ^ reversible thermal process, it 
will he that tlio analogue of weight of 
wat^’. xs not quantity of heat, but entropy, 
uumely, the quantity of heat divided by the 
temperature of supply. 

The reversible thermal operation may be 
represented by means of an entropy tempera- 
ture diagram {Fig, 15). There the area abon 
represents the heat which is supplied at the 
high temperature T ; and the area abed re- 
presents the work which would be done in 
a perfect heat-engine by letting clown that 
quantity of heat from T fco the lower level 
Ti* Between the given levels of temperature 
Ti and T 2 draw a rectangle defg whose area 
is equal to the area abed^ and produce ef to 
meet the base line for zero temperature in m. 
Then the area fgnm represents the refrigerat- 
ing effect, namely the heat extracted from 
the cold body at Tg. The amount of heat 
discharged at the intermediate level Tj is 
equal to the area ecoin, which is equal to the 
sum of the areas abon and fgnm. 

§ (7) The REFRiaERATlKG MACHINE AS A 
Means of Warming. — In any such appliance, 
whether reversible or not, the quantity of boat 
delivered at the intermediate temperature T^ is 
greater than the quantity supplied at the higher 
T by the amount of the heat raised from the 


low temperature T^, and may, as wo have 
seen, bo much greater. This fach. is tlio basis 
of an intercBting suggestion mach^ by Kelvin 
in 1852, that in the warming of rooms it would 
ho thermally more economical to a[)])ly the 
heat got from burning coal in this indirc'ct 
way than to disohargo it into the room to ho 
warmed. The thermodynamic value of liigh- 
tomperaturo heat is wasted if wo allow it 
directly to enter a oomparativ(^ly cold stil)- 
stanco. That value might bo hethu* utilised 
by employing the liigh-iemporature lieat to 
pump up more heat, taken in from, say, the 
outside atmosphere, to the level to wlucih the 
room is to be warmed. By using, for example, 



quantity of heat through the small ningo that 
is required, and (u)nsc(|ueutly to produce a 
much greater ■w'arming elTcct. Similarly, if a 
supply of power from any source is avail- 
able as a moans of warming to a mochu'fih^ 
tcmi)oraturo, it will bo turned to Ix'ttor acasount 
for that purpose if we sot it it) driven a heat- 
pump tlian if wo simply conveu-t if. into heat. 

L^r methods of producing extnum^ (lold 
in a gas, by the (sumulativo use of th(^ donlo- 
Thomson cooling olfect in passing a throtlUs 
valve, in conjunction with a iluu’mal inhu’- 
changer which enables the stream of gas that 
has passed the valve to extract heat from iilu^ 
stream that is still on its way to the vaJv(', 
800 the article on “ Liquefaction of (lascs.” in 
that article, as in this one, the writ('r has 
followed the lines of troatnuuit (l(W(^lop(ul in 
his hooks on T hermodynaMios for Jhiglncm, 
andT/ie Moohankal ProduHion of Cold ((lamb. 
XJniv. Press), to wliich rofcriMice sliould be 
made for further particulars. 
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REFRIGERATORS— RESISTANCE THERMOMETERS 


Rwfrkjkratorr, Sreoifio Heat of Liquids 
USED FOR, (iotorinincd by the electrical 
rnothocl. See “ Calorimetry, Electrical 
MotliodH of,” § (7). 

Reo ENiRiATrVE CooLTWo. Soo “ Gasos, Lique- 
faction of,” § (1). 

Rroenerator, Sterling’s and Ericsson’s. 

Sec “ Thermodynamics,” § (27). 

Re(}I^ault, 18()1, compared gas thermometers 
with secondary standards of temperature 
in range 500° to 1()00°. See “ Tompora- 
i'Un‘, Realisation of Absolute Scale of,” 

^ m (V.). 

Experiments of, in determination of Latent 
Meat of Steam. Sec " Juatont Heat,” 

RioONAEir/r’s Law. Sec “Engines, Thermo- 
dynamies of Internal Combustion,” § (15). 
Rmhioat Factor. Sec “Turbine, licvolop- 
ment of the Steam,” § (lO ) ; “ Steam 

liirbine, RhyMies of,” § (8). 

■RjOSRRVOtRS FOR StORAO R OF RAINFALL. SoO 
“ Hydraulics,” § (19). 

RrSIHTANCR, VaRVINO OlROXriT, COMI’F-NSATTON 
FOR, in t(unperature indicators of the milli- 
voltnuier type. See “Thermocouples,” § (8). 
RiRSIHTAncr i^RiDCRS FOR Titrrmomrthto 
Work. Sck’i “ Resistance^ Thermometers,” 
S (7). 

Rrsestancr CV) rffectrnt, Non-Demrnstonal, 
Foit TiiR Motion of a Hour tiirougii a 
V^iHCioiTs thiiui). S(H^ “ Dynamical Simi- 
lari<^y, TJu^ Prinei])les of,” § (19). 
Rrsimtanor :i)UR to Fluid Motion over a 
Solid fioUNDARY. Soo “ Friction,” § (13). 
Rrsistanciw JVIanomrtiiirs, EiyRCTRiOAL. Soo 
“ Fn^ssure, Measurement of,” § (13). 
Rrhistancr of Solid Bodirh wren towed 
IN FimiDH. See “ FriedioD,” § (14-). 
Rrhihtance Tiirrmomrtrh ; 

Standardised at 0'\ 100°, and 444‘5° C., gives 
tiMuperature^H identie.al with the gas scale 
up to 1080" G. See “ Rcsistanoe Thenno- 
nuders,” § (18). 

SliUiUdardisation of, for tomporaturos up to 
000". § (14). 

Used to d(d(u*mine Dow Temperatures, by 
IJolborn and Wien in 1901. Sooibid. §(17)- 

R FS I STANG F THERMOMETERS 

§ (1) Historical. — The foumlation of a 
method for thc^ menHurement of temperaturo 
base^d on tbe changi^ of resistunco of platinum 
is duo to Sir William Siemens, who in 1871 
(umsirueted a practical form of pyrometer on 
this principle, ilo also devised an ingenious 
form of ri'sistanco bridge, with the object of 
eliminating uncfwtaiuti(‘s due to change in the 
resistane-c of the loads, consequent on the 
variations in ih(^ d(q)th of immoraion of the 
])yromcter stem in the hot region. 

The oonatructional details of the early 


Siemen pyrometers were unsatisfactory. The 
lilatinum wire was wound on a pipeclay 
cylinder and enclosed in a tu])c of wrought iron. 

A committee of the British Association, 
appointed in 1872-73 to test those pyrometers, 
made an unfavourable report on their per- 
manency, and for some years this method of 
temperature measurement fell into disuse. 
Professor A. W. Williamson, Chairman of the 
British Association Committee, suggcstocl that 
the changes in the resistance of the platinum 
wore due to the reducing atmosphere ])roduced 
by the highly heated iron casing, which would 
cause the platinum t(x combine with a trace 
of the reduced silicon taken from the pipeclay 
cylinder. Analysis proved tbe truth of this 
theory, and })ointod to the desirability of an 
oxidising or neutral atmosphere around the 
])latinum wire. 

Siemens showed later that a sheath of 
platinum eliminated this 
trouble, and Fig. 1 
illuHtra.tos his improved 
typo of pyrometer. 

About this time the 
thermuelcctrie method of 
measuring tem])eraturo 
was being developed with 
eonspicuouH success by Le 
Ghatclior in Franc^e and 
Barns in America. The 
simplicity of tho thormo- 
olomont and its direct 
reading indicator as com- 
pared with tho resistance 
thormomotor outfits of 
those days, h‘(l to its 
general adoption in tho 
iudustrios in profcronco to 
tho Siemens jiyromctor. 

Between 1887 and 1896 
tho rosiatanoo thormo- 
motor as a scientific 
instrument rocoivod 
thorough study in the 
liands of Oallondar, E. B. 

Griffiths, Hcycook, and 
Neville, who proved be- 
yond question its re- 
liability and extreme 
precision when used with 
due precautions and with appropriate electrical 
apfdianccs. 

§ (2) (Jallendar’s Rrhistanoe Thermo- 
meter. — Oallondar^ in 1886 made a direct 
determination of tlie rosistanco of a particular 
specimen of platinum wirc^ at various tcmipera- 
turos up to 600° C. The platinum sjiiral was 
sealed into a bulb of tho air thermometer by 
moans of which the tom])orature was obtained. 

By this device Gallendar avoided one of the 
greatest experimental ditlioulties of that time 
' Phil. Tmns. Roy. Soc. A, 1887, clxxviii. 
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in gas thermometry, viz. the maintenance by 
gas heating of a large enclosure at a constant 
and uniform temperature. 

(i.) The Gas Thermometer . — His apparatus is 
shown diagrammatically in Tig. 2. The gas 
thermometer was designed for both constant 
volume and constant pressure wmrk. 

Instead of the customary practice of con- 
fining the gas by a column of mercury, a 
sulphuric acid gauge was employed, which 
increased the sensitivity sevenfold, and also 
eliminated capillary errors entailed by the use 
of a small bore tube. 

The thermometer bulb was made from a 
piece of hard glass tubing, the coefficient of 
cubical expansion being deduced from measure- 
ments on a length of the same tubing as that 
from which the bulb was made. It was 


of accuracy attainable in the observations 
(about 1°), the variation of n^sistanco of 
platinum with tcm])oraturo could bo rej>ro- 
sontod by a ])arab()lic formula. 

Callcndar inti'oducod noinoiic.laturo which 
has since conic into general use. 

The platinum tompevaturo ‘pt is defined as 


”xl00. 



where Rq is tho rcsiatancio at 0° (t, 

is tho resistaneo at 100'’ 0., 

R is tho resistance at (b 
Tho quantity Ri-Rq is generally rofcu'red 
to as the hundamontal lutervar’ (bM .) of 
tho therm o motor. 

Ho showed that the diiTorenee botwi^en tlie 
true temperature t, as measuroil by the air 


Leads to 
resistance bridge 


Gas thermometer bulb 
in furnace 


observed that the expansion was irregular, on 
account of the structural and hysteresis changes 
in the glass. 

(ii.) The Resistance Coil . — The platinum wire 
was 2 metres long hy 0*013 cm. diameter, 
wound in the form of a spiral. Tho resistance 
at room temperature was approximately 20 
ohms. By an ari’angement of double elec- 
trodes (shown in the diagram) the resistance 
of the lead wire outside the uniformly heated 
region could he allowed for. 

One end of the coil was led out through the 
capillary connecting the bulb to the manometer 
{Fig. 3). A double lead of the same wire, and 
which was coated with the same hard glass to 
imitate it exactly, was laid alongside. The 
other double lead consisted of 10 cm. of fine 
platinum wire, to the mid -point of which tho 
other end of the spiral was fused. The fine 
wires were bent double and fused through the 
glass, while the projecting ends were fused on 
to thick (0*096 cm.) platinum wires coated 
with hard glass and laid alongside the others. 

Besistance coil and leads 




Fia. a. 


The resistance of the leads was determined 
on each occasion, and tho correction amounted 
to about 3 per cent of tho total resistance. 

The experiments showed that to the degree 



Vio. 2. 




thormomotor, and tho iilatinum tom))oraturo 
pt was roprosontod by tho parabolic formula 

whore 5 is tho cooflficiont for that ])arti(!ular 
sample of wire and whoso numerical value is 
about 1*5. 

The subsequent invostigations of (lallendar 
and Griffiths showed that tins was gonoi’ally 
true for wires of varying degree (^f ]mrity, 
when tho appropriate values of the cioefficieniH 
wore inserted in tho parabolic formula. 

In a direct dotonni nation ef the boiling- 
point of sulphur with the gas thermometer, 
they obtained tho value 444*53° (I, wlu(4i was 
about 4° lower than that provionsly obtained 
hy Regnault. 

In order to determine d they cionohided that 
the boiling-point of snlplnir was tho most 
suitable Axed point in conjunction with ico, 
and steam, for calibration purposes. 
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§ (3) EWTimMmATTONS OF THE BoiLTNG- 
POINT OF SuopuuR.'^—Sulwoqxicnt to the work 
of (^allondar and (hiflitbs, numerous deter- 
minatiotiH of the boiling-point of sulphur have 
boon made, all of which have closely confirmed 
the value obtained by those investigators. 

In the course of their comparison of the 
resistance thonnoTnetor with the gas thermo- 
meter, flarkor and (hiappnis, and Holborn 
and Henning, made some determinations of 
the boiling-point of sulidnir on the gas scale, 
employing tlio resistance thermometer as intcr- 
nuHliary. ddieir values are indirect, insomuch 
that the gas thermometer was not directly 
omploycMl to determine the tomp(Tatnro of 
the sulphur vapour, but are entitled to full 
wiMght, siiKH^ the nvsistance thermometer was 
diroetly compared wiiti the gas thonnomotcr 
in salt baths, at temperalures in the vicinity 
of tlio sulphur boiling-point. 

Day and Sosrnan (1912) made a direct de- 
termination of tho stdphur point, using a 


in the results obtained by tho various observers 
since tho time of Eegnault is uncoidainty in 
tho cooffieiont of cubical exjiansion of the 
bulb material of the air thermometer. 

Fused (juartz has tho smallest coefficient of 
tho materials available for the construction of 
the bulb of gas thermometers, and a thermo- 
meter with a bulb of this material was used 
by Eumorfopoulos. 

Tho value 444- 5.^° 0. is, at the present time, 
tho generally accc])ted value for tho boiling- 
point of sulphur on the thermodynamic scale 
in this country, although tlic value 444* (>o° C. 
is used in America and 444*55° in Germany. 

§ (4) Purity of the Sulphur. — Ordinary 
commercial stick-sulphur manufactured by the 
“ Chance [iroccss ” is satisfactory, since no 
dilTcrcnco has lieen observed between its boiling- 
point and that of highly purified sul])hur. 

Usually when sul])hur is boiled for tho first 
time volafilo impuriticR distil olf. A black 
1 residue (FeR) is generally found, but in the 


(Iah TimuMOMHTWR Diotkuminationh of tuk BoiiaNU-roiNT OF Sulphur sinof 1890 


■*’ ■ 

* ' 

'riierinoineter. 

(his. 

PresHuns 

Original 

Thennodynaniic 
Seale, ° 0. 

DatiL 

Author. 

nun. 

Figure, “ ('. 

1B90 

('allendarand (h'iUlthH 

(k)nsiani ])reHHur(^ 

Air 

700 

444-53 

444-91 

1902 

(Ihapi)uiH and Ilarlo'r 

ConHimit vnlunu^ 

Nitrogen 

530 

444*70 

444*80 

1998 

Buiiiorfopoulos 

(lonslanti prcNHun* 

I 

Air 

700 

444*55 

444*93 


1 lyclrogcii 

023 

444*51 

444*51 

1911 

Holborn and Ihmning 

( lonHlnut volunu' > 

Helium 

012 

444*39 



1 

Nitrogim 

025 


444 *55 

1912 

Day and iSoHinan 

( •onsl.nul. volume 

Nitrogen 

502 

444*45 

1912 

Dickini'ton and Mnelhn’ 

(‘onstant volume 

Nitrogen 

502 

444*28 

444*38 


Nitrogen | 

415 

4 44 •30 

444-57 

1914 

Dninorfoiionlos 

( 'on slant ])roHHure 

792 

444*13 

444-53 

1917 

(llnipi)uiH 

( lonsiant volume 

Nitrogen 

50()-n(;4 

444-48 

444-59 


nitrogen-filled thermouudcH*, whose bulb was 
of plaiinum-Huxlium alloy, was of 205 c.e. 
(sapaeity, ami the niiu’ogiui was under an initial 
presHuro of 500 mm. of mercury. 

GiHMit pri'ieautions were talum to oUmiiiato 
systomatie- (mtoph. An aluminium Hhield sur- 
rounded tlie bulb in tln^ sulfihur tube, to 
previmt ilu^ eomhmsed sulphur from lowering 
its temperature ludow tlu^ frue boiling-] )oint. 

IN) ase.ertain whether tho temperature of 
tho walls of Ibe tube had any inlluenco, in 
some of tho experinumts tho external jacket 
was luuiiiixl until th(^ tompei-ature of the air 
gap was as high, as that of the suljihur vapour 
within fbe tube, l^rovided the tube was full 
of vapour, this ])rodueod no ai)i)aront change 
in fihe value obtained. 

A direct eomi)arisou of tho tom])oraturo given 
by this form of apparatus with tho Moyer tube 
form of sulphur boiling a})para,tus (JiHg. 17), 
devised by (lallemlar ami (jlrilfiths, showed 
a sysUmiatio difTereneo of but 0*04° G. 

idle probable source of the small (Uvorgeticos 


(piantity in wliieh it is generally present this 
appears to have no iulUience. 

§ (5) Variation with JhiicssuRE of the 
Boilino-point of RuLimuR. — Tlio inlluenee of 
])reHHure on the boiling-point of sulphur is cpiito 
oonsidorahle in tho vicinity of 7(>0 mm., an 
increase of 1 mm. in the barometric height 
raises tho hoiluig-pointby ap])roximatoly 0*09°. 

The relation between temiieraturo and press- 
ure over tho range of importance in practical 
work has boon investigated by Holborn and 
Henning, by Harkor and Rexton (1908), and by 
Mueller anil BiirgOBS (101 9). Tho rcBults of those 
investigators are in substantial agreement. Over 
the rangi^ 700 to 800 mm. pressure of mercurv, 
tho relation between tom])oraturo and boiling- 
point may ho represented by tho formula 

-|-0-0910('p - 700) - 0-()00049(p - 700)2, 
where t is tho boiling - ])oint at pressure p, 
t'g the l>oiling-])oint at 7()0.' 

The freezing-point of zinc (419*4° G.) is 
sometimes recommended as a third lixial 
point instead of snliihiir. 


' Hoc jilHo “Temperature, .IteallHatlon of Absolute 
Wcalo ot," § 015) (Iv.). 


» Tli(^ formula aeceptod by tho UcichsauHtalt is 
444''*r)G ■ t ■ O'OhOBO^ - 7h0) - 0-000047(2> - 700)“. 
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As the snlphur-point is so well established 
and convenient to use, there do not appear to 
be very valid reasons for discarding it in favour 
of a freezing-point determination. 

§ (6) CONSTllUCTION OF PLATINUM THERMO- 
METERS. — Fig. 1 represents the original type 
of high - temperature resistanee 
thermometer. Its chief defects arc 
the considerable lag in its indica- 
tions and the liability to contami- 
nation of the platinum wire duo 
to the fireclay former on which the 
coil is wound. 

Callendar and Griffiths devised 
the form on which the platinum 
coil was wound on a mica rack 
with leads of heavy platinum wire. 
A similar pair of wires to the 
leads, in the form of a loop, 
were laid alongside. This loop 
was connected in the opposite 
arm of the bridge so as to com- 
pensate for the resistance of the 
leads to the coil at all tem- 
peratures. 

Fig. 4 illustrates a hermetically 
sealed type of thermometer de- 
signed by Professor E. H. Griffiths 
for laboratory work of high pre- 
cision. By sealing the sheath it is 
possible to eliminate any possibil- 
ity of moisture condensing on the 
mica and impairing the insula, tion. 
Insulation troubles are frequent 
in high - resistance thermometers 
unless precautions are taken to 
prevent access of moist air. 

Of the various insulating 
materials hitherto investigated for 
high - temperature work, good 
quality mica has proved to be 
the most satisfactory for thermo- 
meter construction. 

Exposure to a temperature of 
about 1000° C. causes dehydration 
of the mica, which in consequence 
becomes silvery wdiite and brittle. 
If reasonable care is taken it is 
quite satisfactory in this condition. 

(i.) Resistance Thermometers for 
Calorimetric Worh. — Por calori- 
metric work it is desirable to have 
a sensitive thermometer of small 
lag, so that its indication at any 
instant is a true measure of the temperature 
of the liquid. 


Pig. 4. 


Thermometers of tbc type illustrated in Fig. 4 
are satisfactory provided the coil is made as light 
as possible and the sheath of very thin glass. 

With the object of reducing the thermometer 
lag to a minimum, Dickinson and Mueller 
have developed the type of thermometer 
illustrated in Fig. 5. 


The coil is wound on a flat strip of mica 



and onolosod in a slioath of silver tubing 
flattoued down to lit it closely. 
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l^lloc:tric‘,a] insulation is olTcHjtcd by the uso 
of strips of mica sotncnvhat wirlor than that 
on which the coil is wound 

^rho Ic^ads arc nia<lo of thin strips of co])pGr 
about onc-tontli of a niilliniotre thi(d and two 
or throe inilliinotrcw wide. 

if tlic thcuunomotor is of the compensating 
lead typo the com})onsating loop is closed by 
a pituio of the same platinum wire as that of 
wliich the coil is wound. 

All ■j)ln.tinuni joints are made by fusing 
with an i\rc., using a pure graphite electrode, 
wliilc! th(^ ooj)por platinum joints arc made 
(dtluM' by weakling or with silver, using borax as 
(lux. 

In tlu^ head of the tlierinoruetcr a drying 
eai)sul('! is arrang{‘d (jontaining phosphorus 
peutoxith^. 

(ii.) hijluenceof tha .Purity of the, Plalimim ,.' — 
A fairly accurate idea of tlu^ purity of the 
plaiiinurn wire may bo formed from a 
consideration of its coonicients of resistance. 
The j)uroHt spocinicns give values of a (the 
mean coenici<ud between 0" and 100° 0.) as 
high as OdKKiSO and 5 about 1-50 or slightly 
less. Inipnn^ wir(', on the other hand, may 
give values of a only (50 jx'.r eent of the above 
and of up to I -(5. 

Odie paraboli(^ forimda has be(Ui found to 
liold rigorously wIhmi the purity does not 
vary veny fai’ from tlio iirst-nainod values. 
Wlum a thermonudor is constructed of impure 
wire it is g(merally found that the zero will 
not remain constant after exposure to high 
i(Mnp(u-atur('H, and eonsecpiently the roliahility 
of th(^ instrument is impaired 

iSinet^ only a small <piantity of the material 
is re<ptir(Hl, it is advisable to wind the coil 
of the [miH^st platinum ohtainahlo. Tlie heavy 
wire l(nnls may bo of e.ommereially pure wire. 

V\)v work up to bunperatnres of 500° (1. 
Hilv(U’ hvids are (piltc^ satisfactory, ])rovided 
an inierm(‘diat(^ pi(’ieci of plai inum is introduced 
b(dvv(Hn) (iiu^ wires and th(^ silver, so as to 
avoid iiu^ risk of contamination in the auto* 
g(uiouH w(dling. 

Above (500“ (1, th(^ volatilisation of the 
silver eauH('H contamination of tlie platinum 
coil and also thderioratiou of tho iusidation 
of the mica rack. 

(iii.) of Imnlaiioii Hemtanea, — Tho 
[)roH<me(^ of moisture in tho thermometor, duo 
to a hvde or to exhaustion of tlio drying 
materia), may ocunir. The resulting phenomena 
are very (iharauteristie and ('asily recognised. 
If the bridge, with tlu^ thermometer in circuit 
and galvanometer eirc-uit closed and a key in 
the battery eireuit, is balancuvl l)y adjusting 
r^^His(laneo with thc^ battery )uy closed, then 
on opening tho battery circuit there will bo 
a largo dellection of the galvanometer, which 
gradually diminishes, and on closing it again 
another largo doflootion in tho opposite 


direction. The latter slowly diminishes if 
the circuit is kept closed. This j)hcnomonon 
is readily distinguished from that due to tho 
use of an excessive measuring current, by the 
absence of tho galvanometer dcllcction in tho 
latter case W'hen the battery circuit is opened. 

Tho presence of moisture also reduces the 
insulation rcBistance between the coil and 
sheath. This insulation resistance is easily 
tested and should exceed 200 megohms. 

§ (7) Resistance Bkibges adapted for 
Thermometrio Work. — The requirements of 
platinum thermometry differ in many 7’cspocts 
from those of ordinary resistance comparison 
work. 

Compensation for the resistance of the 
leads neccssitatos tho use of a bridge with 
c(pial ratio arms. Another requirement is 
that it shoidd bo capable of measuring changes 
in resistance to a high order of accuracy. For 
example, a thermometer constructed with a 
resistance coil of 2-5(5 ohms at 0° will have an 
inenMiso in resistance of about 1 (dim when 
heated to 100° (1. Hence to measure tempera- 
tures to demands resistance measurements 
I o.ofMtth of an ohm. 

In practice this ])rcNontH little dilhculty, 
since halaiioo to the lU'arest 0*05 is obtained 
l)y the sot of coils, and linal halance obtained 
by moans of a bridge wire or sot of shunted 
coils. 

In rosistancjo therm omotry wo are only 
concornod with changes of resistance ; tho 
absolute value of tho unit omjdoyed is of 
little conscMpumce, provided the relative values 
of the coils are accuiratoly known. 

Methods of calibrating the bridge coils and 
wire are described later. 

Types of Jksistance Bridges — (i.) Sienmis' 
Tlirce4e(id Bridge, 

— This .bridge is 
primarily of his- 
torical interest as 
rei)rosonting tho 
lirst attemj)t to 
(dimiuate load re- 
sistance in ])lat- 
inum thormonudry 
woik. 

IHg, 0 shows tho 
coimootions. 

^riio coils and 
S are the ocpial 
ratio arms, '‘.rho 
thermometer coil 
P lias throe leads 
connected in tho 
gram. 

The lead bg is adjusted in tlio oonstruotion 
of tho thermometer equjil to L.,. When H 
is adjusted o(pial to P tho bridge is balanctul 
and tho lead resistance completely oUminatcKl. 

Tho defect of this form of bridge is that a 



KlO. (5. — Simucus’ Tlu'ce- 
lead liridK(^. 

(?, and ratio anuH ; V, 
thermoimdici' coil ; J^a and 
I^u, cipial huuls. 

manner shown in dia- 
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slide wire cannot be used in connection with 
R to measure minute changes of resistance. 

This difficulty can, however, be surmounted 
by the use of a set of shunt coils of the tyj)e 
described later in connection with shunted 
coil bridges. One setting would then deter- 
mine the resistance and hence the tenipei'ature. 

Siemens’ procedure was to shunt one of 
the ratio arms and calibrate empirically. 

(ii.) The GaUendar and Griffiths Bridge . — The 
connections on this bridge are shown in Fig. 7. 

It was evolved for 
use with the com- 
])cnsating loads 
type of thermo- 
meter. 

In the latest 
type of bridge 
manufactured by 
the Cambridge 
Scientific Instru- 
ment Co., mercury 
contacts of the form shown in Fig. 8 replace 
the usual plugs. 

The ends of the coil are soldered to brass 
posts terminating in mercury cups. A 
n -shaped bar is carried by a light spring, 



which is depressed when the weighted plug D 
is inserted into the hole G. 

In modern resistance bridges the coils are 
of manganin and immersed in well-stirred 
oil — a good grade of paraffin oil is quite 
satisfactory for this purpose. 

Manganin has an extremely small tom])ora- 
tiire coefficient of resistance, and also a very 
small thermal E.M.F. against cox)por, in this 


respect affording a marl^cd conti’ast to 
constantan or cun^ka, which has an R. M.K. 
of about 40 microvolts p('r degree against 
c()])x)cr. 

Manganin is, however, subject to gi-adual 
changes of resistance and conseqiumtly the 
coils require calibration from time to time. 

Recent experiments by Rosa and by Smith 
have shown that the shellae. varnish coating 
of resistance coils absorbs inoistun^ and in tlu^ 
accompanying change of .volume strains are 
sot up in the wire. To eliminate this (dTeet 
of humidity, present - day stamlard coils 
are hermetically sealed, using moisture-free 
paraffin. This mode of construction might 
well be applied to the c-oils of resistance 
bridges. 

The bridge wire is usually of manganin, and 
both it and tlio contact maker arc immersed in 
the oil. 

For industrial use the sensitive type of 
resistance thermometer, bridge, and galvano- 
meter are out of the question, and several 
modifications have been evolved with a view 
to obtaining robustness combined with ani])le,. 
if moderate, sensitivity. 

In the 'UTiipple indicator the rc'sistaniio 
box is rcidaoed by a long bridge wire wound 
spirally on a drum. A sensitiivi^ ])i voted 
galvanometer is fixed in the toj) of tlu^ case 
and balance obtained ]>y rotating the drum. 
The instrument has a scale gi’aclunted dircH^tly 
in ® 0., and readings may easily b(‘ takmi to 
about J° in the range 0" to TIOO" (\ 

(iii.) Oalorimoirie Bridge.— Messrs. Dickinson 
and Mueller have arranged the eiiual arm 
bridge^ in a convenient form for calorimetric 
work. The wiring diagram is shown in Fig. 1) ; 
it will be observed that, while the balance 
of such a bridge is adjustable at threes points, 
the contact resistance at tlu'se tbre(i points 
are so placed as to have a minimum olTect 
ujion the accuracy of the bridge. 

The slide wire contact is in seric^s with the 
battery. The contacts of tlu'i rheostats R 
and Rx arc each in series with a ratio (‘oil of 
200 ohms or over, where, even though considcu’- 
ahle contact resistaiKio wc'ro pr('H(Mit, tlu^ 
percentage effect would he snuUl. This 
arrangement of the Wheal^stom^ Bri(lg(^ also 
has the advantage of maintaining an almost 
constant resistance at ilu^ riumiinalH of tlu^ 
galvanomtto* for all bridge H(44ingH, thus 
maintaining both constant (lanqiing (‘.onditions 
and deflections proportional to tlie want of 
balance for all hridgi^ settings. 

The rheostat H provides for th(^ adjustnumt 
of the bridge by coarse steps, and tilu^ rheostat 
Ri by fine stops, while the total continuous 
slide wire is properly proportioned to he 
o(xuivalent in its total to one sUq) on Rx with 

^ Mamifacturod by the Leeds and l^orthnip 
Company. 



Tig. 7. 



RESISTANCE THERMOMETERS 


699 


puitablo ovoj’laj). ^Jlio slide wire consists of iiirc during the teat might readily reqxiire the 
eleven turns of inanganin wire, wound S]>irally plug R to bo moved in order to inaiiitaiii 
on a marble (iylimler, provicling in otioct a balance. To avoid tliia, the tlicrmometor 
euntiniiouH scale 240 inches long. Ton turns lead may bo connected at Tr, ohm at the begin- 



ning of the teat so that • the 
balance ])oint will bo in the 
lower half of the rheostat Rj, 
and a subsequent rise of 5° C. 
may he measured without 
touching K. 

(iv.) Potentiometer Method 
of 7neasurvn(j liesistance . — The 
wcll-kno \vn jx) ton tio meter 
method for determining rcsist- 
an(ies, by com])arison with a 
standard, has been applied to 
resistance thermometry. 

The thermometer coil has 
four leads : two current and 
two ])olential ; the current from 
a steady battery is j massed 
through a standard oil immersed 
resistauco ct)il and the thermo - 


tio. 9. 

of the slide wire are equivalent to one sto]) of 
the rheostat It,. Om^ half of the additional 
turn is loeaied at llu’i high end ai\<l the other 
at the low tnul of the seal(‘, thus j)rovi(ling the 
overlap for steps on It^. One turn of the 
slide wire is 0 (piival(‘ut to 4)1 ohm or ai)proxi- 
mately -r* (A in a thermometer whoso .R,, is 
approximaUiy 25-, ‘i ohms. As th(M*(^ are 200 
divisions in eaeh turn, J of one division 
(o(|ual to a (lisianoe of inch) is a])proxi- 
mately (spiivnihmt to 4)001'’ 0. The rheostat 
R, is (!omi)oH(Hl of Om -1 ohm coils and hence 
c, overs a rjinge of approximahiy 10'’ 0. by 
steps of T’ 0. 4i\e rh(H)stat R is composed 
of Urn 1 ohm (U)ils, thus e.ovcn’iiig a range 
of 100'’(t. An juldiiional *5 ohm resistance, 
whose prineipai fuiudiou is d('H('-ribe<l below, 
oxOaids the range an additional thus 

making the oV(H’-all range 115" (), The coils 
of th(^ rh(M)Htat It, must be ndjustcHl to an 
ae.c.iiraey of 4)0001 olim, this being equivaleut 
to 4)001,'' C. in the resistamie thermomoior, 
lumee the plug of this dccjule may bo shifted 
during a test. On tlio oth<?r hand, the (Joils 
of the rheostat It jiro eac4,i, I ohm. To adjust 
th(‘se to an aceumey of 4)0001 ohm would be 
UH<doss, siiKHi tbo juanganin will not remain 
constant to n,'oo wonUl bo 

i\w a,(*cuiracy of such an adjustment. Jlenco, 
th(^ ping of the rheostat it should not bo 
distribnt(Ml during any one test. To guard 
against the muH^ssity of disturbing R, a *5 ohm 
resistance^, which may bo includeel in the carcuit 
at will, is (*.oniHHii(Hl in series with the rheostat 
R.,, Ix^tween the posts T,, and T^. If the 
initial tcunperaturo of a test requires a s(^tting 
in the upper half of the rheostat R^ with the 
thennometer lead connooted, a rise of iempora- 


metor coil in scries. Ry measur- 
ing the fail of ])otential across 
the tws) coils sei)arately, the resistances may 
bo (‘.alculated in the usual manner. 

(v.) i^mith\^ Difference Bridge , — In this form 
of bridge tbo comiociions are so an’angcd 

til at by two ob- 

servations and a ^ ^ 

reversal of con-’ 
jieotions the ro- 
sistanc.e of the 

loads is eliminated 

without requiring 

alwohito ('(liiulity „,,o_ Diircrrain) 

of lead resistance. JhldKc. 

Pig. 10 shows P, tUonuometer coil; T.,, 

,, , , h'lul ; I^;i, potential haul ; L,, 

the bridge con- (uirrent lead: It, adjustabli' 
nections for the arm of bridge;; S and Q, e(iual 
. I 1 ; ratio anus ; • , menairy cup 

iirHfc biiliuioo pofii- 

tion. V is the 

thermometxn* coil with current loads L, and 
L., and pot(^ntial Ic'ads and L.,, 

Q and H are ©(pud or nearly ocpial ratio 
arms, and R is the 

1 1 adjustabkv arm of 

the bridge. 

When the bnl- 
As ance is obtained, 

K. 0 hitSlP then 



';rho connections 


are then transposed hy a mercury switt4i, 
HO that the ])otential lead is disconn(Hited 
from R and joined to iS ; h,, to It ; the battcuy 
load from to ; and V and R are 
interchanged. 

Fig. 11 represents the connections. 
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On rebalancing 

P + L,=--|(R' + L3). 

Now Q has been adjusted during the con- 
struction of the bridge to be very nearly equal 
to S, so that we can put 

| = (l+a), 

where a is a small quantity. Then , 

P=^^^+|{B-R'+L3-L3+a(R'+L3)J. 

If Q, = S within 2 parts in 10,000, then 
a = 0*0002. So that P is equal to .1(R + R') 
within 2 parts in 100 millions, assuming Lg =L 3 . 
If Lg and Lj each have a resistance of 0*1 ohm, 
but differ by 10 per cent, then the error 
introduced by neglecting a and taking the 
equation P = ^(RH-R') as exact is equivalent 
to about 0*0001° C, on a thermometer with 
P.I. of 1 ohm. 

The reversals which have been indicated 
above are conveniently made by means of a 
six-pole mercury contact-switch with connec- 
tions as shown in Fig. 12. Thick copper links, 
a, 6, and c, are attached to an ebonite disc 
movable on a vertical axis. The change over 
is effected by lifting clear of the mercury cups, 
rotating through 90° and then lowering. The 
second position of the links is shown dotted 
in Fig, 12. It is, of course, easy to arrange 



Pig. 12. — Connections to’ Six-pole Mercury 
Contact Switch. 

Li, La, Lg, L4 leads to the thermometer coil ; Q 
and S, ratio arms ; K, variable arm of bridge ; P, 
thermometer coil ; a, c, heavy copper links dipping 
into mercury cups. 

for the change in position of the battery lead 
to be made simultaneously by contacts at- 
tached to the same disc. 

This bridge method possesses one unique 
advantage, insomuch that it eliminates lead 
resistance without assuming absolute equality 
between the leads. On the other hand, it 
suffers under the disadvantage of requiring 
two settings for each resistance reading, and 
that six contacts have to be broken and made ; 
the contact resistances being assumed un- 
changed. 

If the leads are made very nearly equal, 
R and R' will only differ by an extremely 
small amount. This increases both the speed 
of working and the accuracy, since the above 
equation assumes reasonable identity in Lg 
and Lg. 


Hence the bridge is j)riuiai’ily of value when 
working at steady tompOTafmix's. 

It will bo observed that a bridge win^ cannot 
be employed. Small changes of resistaiKu^ <!a,n, 
however, be obtained by means of sli united 
coils. The principle of tliis metliod is illus- 
trated by Fig. Ilk 

The ten coils CD oacli of 0*1 ohm ai’o in 
series; any number of the coils EK can be 
placed as a shunt across the c{)rroHj)onding 
number of coils in Cl) by moving the bar AB. 

Consider tlie bar in 
the position marked 0. 

We have then ten 0*1 
ohm coils shunted by 
ten coils ‘ of 9*9 ohms 
each. 

So the effective resist- 
ance is 


Hence 

X =0*990. 

Suppose now the bar 
AB is moved to position 
marked 1. 

We have now one coil 
of OT ohm in series with 
nine coils of 0*1 ohm shunted by nine c^oils 
of 9*9 ohms. 

Hence, if Y is the clfeotivo resistance of tho 
hunted portion, 

Y 0-<)'8!)-r 
Y=0'8<)1. 

So that the total resistance is given by 
0*1-1-0*891=0*991. Hence moving the baa* 
one stop has increased tlio rosistanc^o by 0*001 
ohm. 

Similarly it can bo shown that each stei) 
has a corresponding effect, so that tho arrange- 
ment is capable of giving a total inorcaso of 
0*01 ohm distributed over Om steeps. 

It is obvious that tho studs (lould dis- 
tributed on a circle, so the movement of AB 
would be one of rotation. 

Fig, 14 illustrates the R arm of a bridg(^ 
constructed on this principle. Coils of 0*01 
ohm and upwards (ai)art from the dials) have 
mercury contacts bridged by n-shapi'd pieces 
of copper. 

The throe dials are om])l()yed to producio the 
small changes of rcsislanco. 

Tho contact-brnshos enable or more of 
the lower resistance coils to bo Hlumtcd by tlu^ 
higher resistance ones, tho shunting pi’odiuung 
a diminution of tho total resistance.^ 

^ As 'Will be cxplalrKul later, in conHtantrCiirn'nt 
priaRCB the arm H is <l(U'.r(‘aHC<l In r(‘HiHtan('(i with 
increase in resistance of tho platinum thorinoinotcr. 



I'lG. 13. — Diagram of 
Shuiit(ul Boils (Smith 
Hystcin). 


AB, movable cross- 
bar ; (II), coils of 0* I 
ohm each; MB, shimt 
coils (9*0 ohms ea(!h). 
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This (lovico of ahuiitod coils does not involve 
any groat accuracy in tho adjustment of the 
coil values. 

I’or iuHtaucc, consider tlio 0-001 obin dial. 
Nominally the coils composing this dial are 
cxaciily 0-1 ohm and 9-9 ohms. If, however, 
the coils arc badly adjusted so that, instoacl 


•01 -02 *02 *05 •! -2 -4. -S 1-0 3-2 



Eia. 14. — Diagram of H Arm of Bridge. 

Tho n^sistanoo coils in tho tlm'o (Hals arc as follows : 
l'’or t.h(‘ O-OOl dial t(‘n n'sist.ancos of 0-1 ohm oacli 
ami (icn of l)-U ohms ('acli. 

h'or tlm O’OOOl dial icn n'sistanccs of 0-05 ohm caclv 
ami hm of ‘J!'l'hr> oimis t'ach. 

h'or tile l)-()0001 dial tt'ii n'Hlstiancc'H of ()-()l ohm 
ca.cU and leu of U-U'.) ohms <‘ach. 

of a r('isiHti!mc(^ m)il Ix'iiig 9-9 oluns, it is 9*95 
olims, tih(' chang(‘ wIhmi this coil is uhchI as a 
shunt n^HiHi'JUK^c would live millionths of an 
ohm l(^ss than 0-(K)l . 

§ (8) dh'iMiuntATUUE CoNTKoii.—'WhiUs in 
work of the hjglu'st precision, it is tuHiosHary 
to control tho icmiperuiliun^ of tlio bridge coils 
within narrow limits, a fair degren^ of accuracy 
may bo obtained by applying tmnporaturo 
corrections to the c.oil values. With mangaiiin 
(soils of good ((uality nuMisuremcuits can bo 
made to about ,l part in 25,000, if tho coil 
OnniHM’aturi'H an^ known within 1" or 2", and 
tlu^ indicalions of a mercury tlun’inometer with 
its bulb ncau* iht^ coils shotild give tho coil 
toi\i|)eratur(^s witbiii this limit. 

ld)f grc'at accuracy the bridge must l)o 
rnoiiuitHl in au oil bath and thermostatic 
coniaul (miploy(al. A cumvenient arrangement 
is to ha«v(^ th(^ inotur for circulating tho oil 
inouidml on tln^ bridge top with its axis 
V(U’ti((al, and (unipknl a sc.row propeller W(»rking 
in a vtd'iical tube, whic^h also contains a heating 
(u)iL Idle oil is circulated through the tube, 
along tli(^ bottom of tlu' box under a false 
bottom, iluaum upward and past the eoils, and 
through th(^ tulx^ again. A Ikpiid - in • glass 
th(U’mo-r<\gulator is mounted on the lower side 
of Mie false bottom, 

Ri^HistiiirHu^ in(^a,HurementiS on a cojipor coil 
mounted in tlu^ bridgi^ similar to the sealed 
coils uh(Hl for the H)-oh in and I -ohm <le(‘adeH, 
and arrangiul so that its resistance could he 
measured with tho bridge, have shown that 
in Hueh coils the (luctuations in tho tomp(‘ra- 
ture, as the n^gulator operated, . are almost 
completely damjiod out. 


§ (9) HiSATiNa Effect of the Current 

PASSING TlIROUOir THE THERMOMETER CoiL. — 
In order that tho therm omotcr bulb may bo of 
small dimensions and the thermonietric lag re- 
duced to a minimum, tho coil must f^o made of 
wire of about 0 mils in diameter, consequently 
tho heating oiTcct of the measuring current on 
tho value of tho resistance is^ qnito appreciable. 
Tho bridge coils are sufficiently heavy and well 
cooled to make tho off cot on them negligible, 
hence the limiting value of tho current is 
detorminod solely by considerations of tho 
thermometer coil. 

At any given temperature tho increase in 
resistance is proportional to the square of tho 
current. 

The same expenditure of watts at different 
tomporaturos docs not, however, produce tho 
same heating elTcct, since tho rate of cooling 
of a surface by convection and radiation is a 
fumdion of its absolute tomporaturo. 

Tho pree.iso laws governing tho phenomenon 
have not ycd been invostiga-ted, and it is only 
poHsibU^ to ap])roximato to a constant boating 
ed’oid for all temperatures by keeping tho 
mmnt through the thermometer eonsiaut. 

( ialleudar states : “ Tho cnoling clicct of 

conduction and convection currents in air in 
tlu\ thcrinomotor tube ineroasos nearly in pro- 
portion to the absolute tcmiieraturo. Tlio 
elhwt of radiation also bciiomi^s important at 
high temperatures, and tho cooling is then 
more rapid. If, therefore, the watts are ko])t 
constant, tho heating ofloct will diminish as 
tho temperature rises, and a small systematic 
error will ho produ(‘ed. Assuming that tho 
rate of cooling ineroasos as tho absolute tem- 
perature Oy and that tho watts arc kept con- 
stant, tho heating ctToct at any tomporaturo 0 
is 2724/^, where h is tho heating offoct in 
degrei^H of tomporaturo at 0® Cl.” 

This train of reasoning led Oallcndar to 
eoneliule that a hotter rule is to kooj) the 
c'umtit through tho thonnomotcr tho same at 
all toinpm-aturoH, as in that case tho heating 
el'Ioct also is nearly constant, if tho current 
flows sulViciontly long for tho steady state to 
bo attained. 

The tablo below shows tho heating elTe(‘.t of 
tho measuring current on two thormornotcM's, 
using a current of 0-1 amp. — a e.urrent iim 
times larger than that customary in procusion 
work. 


dknniierataro, 

" (J. 

lur.rc.moiit of TiMuiawaturo 
al)ov(^ Surrouiidlni^H 
(I)Iamet(n' of Win^ -J 5 mm.). 

0 

1-02® 

100 

1-C8 

444-5 

1-85 
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Hence, for the usual value of current -01 
amp. the rise would bo *017° at 0*^ and 

100° respectively. 

Tlie above values arc of course only strictly 
applicable to the particular thermometers in- 
vestigated. 

To eliminate the effect, the following rule 
has been proposed by Callendar : “ Take 

away one-third the difference in reading when 
the battery consists of two secondary cells in 
series and in parallel from the reading when 
in parallel.” 

§ (10) Modificatiok of a Bridge to 
OBTAIN Constant Current TriROUGH the 
Thermometer. — To satisfy the condition of 
constant current through the thermometer at 
all temperatures it is necessary cither to vary 
the resistance in series ^vith the battery accord- 
ing to a calculated table or arrange the bridge 
so that the resistance of each arm remains 
constant. 

To effect this it is only necessary to make 
the value of the arm R a fixed value greater 
than the maximum ever attained by the ther- 
mometer coil, and then insert a variable re- 
sistance (plugs and dials) in series with the 
thermometer to form the other arm of the 
bridge. Under these conditions an increase in 
resistance of the thermometer coil is counter- 
balanced by a decrease in the variable resist- 
ance. In such a case the arm B- may be 
composed of simply one coil of the required 
value. 

The system of cods show in I^ig. 14 is 
arranged for this purpose. 

§ (11) Determination of the Bridoe 
Centre. — In thermometers of the compensated 
lead type it is necessary to determine the bridge 
centre from time to time, as this is the base 
point from which the resistance is measured. 
For this purpose the Pj, Pa and Ci, Ca ends 
of the leads should be short-circuited at the 
thermometer head. Any change with time 
in the resistance of the flexible leads can 
thus be detected. It is scarcely necessary 
to i^oint out that the leads from the bridge 
to the thermometer should ho approximately 
equal in resistance and the junctions well 
made. 

§ (12) Elimination of Thermo electric 
Effects. — One of the troubles of precision 
resistance measurements is the thermoelectric 
effect in the circuits, particularly under condi- 
tions where there are big temperature gradients 
in the thermometer head. The magnitude 
of the effect is readily seen by cloring the 
galvanometer key with the battery circuit left 
open. Tlio galvanometer spot under the 
circumstances wu'll generally take up a new 
position, and the movement is a measure of 
the thermoelectric effects in the system. 

It is the practice, therefore, to work with 
the galvanometer circuit always compUitod and 


observe tho deflection when the liattery circuit 
is made or reversed. 

Hoversal of the battery is ])refcvable, since 
this procedure jicrmits the hoaihig effect of 
tho current on tho ihermomedor to become 
settled, and thus clinunai/C tho initial drift 
when the battery is first made, owing to tho 
healing effect of the current on the resistaiic.e. 

To eliminate induction effect Professor E. IL. 
Griffiths devised a thermocloetric key. In this 
key there is a scries of spring tongues so 
arranged that tho galvanometer circuit is 
always made. When tho key is dcpr’osBod, 
the galvanometer circuit is broken moment- 
arily, the battery circuit compUdod, and tlum 
the galvanometer circuit remade. By this 
sequence the galvanometer circuit is open 
during the period tho current is growing in 
tho circuit, and (umsccpicntly there is no in- 
ductive kick of the light spot. It is easy to 
arrange a battery reversal key on tho same 
Iirinciplo. 

Tho various junctions and connociions in 
tho keys are a. frequent aourco of thermal 
E.M.F., so it is advisable to thoroughly box 
in the entire key including tho terminals ; 
some observers have oven found it dosirablo 
to immerse tho key in oil with only tho handle 
projecting. 

With tho non-inductivo windings of tho 
resistance coils now used tho inductiem effect 
is usually negligibly small, so it is sunhiiont 
to have a plain battery reversal key with an 
“ off ” xiosition. 

§ (13) <iALlHTlAT10N OF floX OoiLH AND BlllUma 
Wire. — For platinum thermomt^.ry worlc tlu' relative 
values only of the coils and bridge wire ar(^ of inq)ort- 
anco. Tho method of Ofilibration is eloHC'ly analogons 
to that cmxdoyod for the standfirdinjiflon of a set 
of weights. 

Instead of a thcrinotmdor a variabh' rlunostat is 
oonnocted to tho i\, Pg icuMiunals of the bridges ff.’liis 
resistance must be capable of liiu'i adjustnumt ; a 
convenient tyx)o wbiob can U'adily be oonstnaitc'd 
is shown in Fig, Iff. It oonsisiH of four dials of 10 
coils each, tho coil values being ()• I olun, 1 ohm, 10 
china, and 100 ohms r(‘H|)<^(dively. A trough of 
mercury with a O-shapod piece of cop{)er iK'nnits 
of line adjuatrtuuits. 

Tho metliod of oonsirnction will he U'affily nnd<‘r- 
stood from the diagnim. Eicli coil (orminaliCH in 
mercury oiij)h, ho that a mov(mumt of tlu^ bar euis 
out any number. Eie coils of course nmi nof he 
noouratoly known. 

As an nlh^rnaiive, ordinary P.O. n'sisliaiici^ boxes 
may bo used, one box forming jv sliimt on the oiluT. 

This method of sucoessive shnuts is, howcwt'r, 
ratluT laborious. 

{u) (UdilmitUm, of the Bridge, ffbre. d’o the 
teminals (J, (1 of the bridge^ is ofmneoU'd a short 
length of resistanee wire terminaflng in two massive 
j)ieceH of c<)pi>er, which aui drilhul to contain m<'reury 
cups. Then by the inscTtion of a n-shajX'd pu'tu^ of 
ooppCT the n'sistaneo win^ (Uin hc' short-cure.uib'd 
without interfering with its oonnootions to the bridge. 
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'rUo iH'HiHianoo of ilio wiro should bo about 1 unit 
of th(^ brul^o wiro. 

Tlu^ variablo rliooHtat is adjusted to bring the 
oouiaet inak('r to ono (aid of tho bridge wiro ; to 
(dlVct this it will g('norally Ix^ necessary to withdraw 
a j)lug from th(^ box. 

The l)ridg(\ is balanced in tlio usual manner. Tho 
calibrator coil (connected to (1, (1) is then short- 
cirouiUal and balance again obtained at a distance 
about 1 unit awn,y on the bridge wire. The operation 
should bo reiieatod a few times. 

^’ho rlKHisiat is readjusted so that a new jiosition 
is taken up on tlu‘. liridgc^ wire adjacent to the second 
balancing point and tbe operation repeated. By 
a H(‘ri('s of siieli siieps the c'ntire length of tho bridge 
win^ may eoveri'd. 

If \v(^ suppose r to Ix' the resistance of tho calibrator 
coil and U tiie lengths of wire corresponding to it 
at various points, then 

~ ar, cto. 

h 

,IIene(\ by plotting grapliically the rt^ciiirocals <^f 
^1, (die., as ordinates with the mean bridge wiro 


Assuming coil J280 to bo the highest in the sot. 
Then we obtain the following series of equations : 

(bil 1280 -(coils 040 to 0)=a;j) 

Coil 040- (coils 320 to 5) =Xg 
Coil 320- (coils lOO to 5) =0:7, etc. 

By subtraction — 

Coil 1280 - 2 X coil 640 
Coil 040 - 2 X coil 320 == a:g - 

to Coil 10-2xcoil 

Now tho values of Xj^, ajg, . . . in terms of coil 
5 arc already known from tho previous operations 
in connection with tho bridge wiro calibration. 

Hence tho values of coils 640 to 10 in terms of 
coil 5 may bo found. 

Knowing the values of all the coils in terms of 
coil 5, it is then easy to express thorn all in terms 
of tho mean coil, and heneo in terms of tho moan 
box \init, a corresponding correction being made in 
tho integrations of tho bridge wiro. 

It is proforablo, however, to exxmess tho coils 
in terms of the international ohm, and this, of 


fOO Ohms each 



to Ohms each 


/f 1 


1 Ohm each 
vj’rA 
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O'l Ohm each 
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I'lO. 15. 


rtNuUiig ns abscissae, a oui’V(^ can be obtaiiuxl n^pro- 
Heiiliiig Ihe variation in n'siHtance ]xn’ unit length 
alojig the bri(Ig(^ wiro. 

The vabu'H can Ix'* conv('rt(Hl into iliosc of tho 
“ mean Ix)X unit ” rc'h'rred to below, by ol)taunng 
tlu^ ri'sisbince of a l(n»glJi of the bri(lg(^ wire in terms 
of oix* of tlx^ bo.K coils by the usual substitution 
melihod. 

{()) ( ^((lihmtioii, of (he liox (hUs . — Kor convonmneo 
it is asHununl that tlu' (joils are arranged on tho 
binary systoin, n.nd tluit tlx' nominal valu(‘S an^ 5, 
10. 26, 4(), HO, (d,e. 

Habuux^ is obtaiiusl at any conve«neT\t place on 
tlxi bridge wire by n.djUHtnnmt of tlu^ variablo rhoo- 
stat ; plug 5 is (iben willidrawn and tho ohango of 
bridge win' Heading l.o n'ston' balance obsorvod. 'iriui 
rluM)H(iat Is n'adjusled to bring tho balance point 
ba<5k to approxirnab'ly tlx' same position as when 
plug 5 was in; f)lug 10 is tium withdrawn, plug fJ 
inM('rt('(l. and tlu' change in bridge wire reading 
obsc'i’vod as b(*for<'. 

''I’Ih'i same pnxuxiun' is follow(xl until the dilTonmoo 
bot\V(Hm tlu' higlx'sti (;oil in tlx' bridge and tho sum 
of tiu' Ixdow is obtaiiK'd in ti'rma of a length 

of tlu' bridgi' win', 

Ix't tli(' sucoi'sslvo dilT(‘r('no('H in bridgt' wiro read- 
ings ix' 'Xp x^, , . . a;o. 


courses can bo done by afloertaining tho resistance; f)f 
a standard coil, say 10 ohms, on the bridge. 

By expressing the coils in terms of an absolute 
standard it is ix)ssiblo to keep note of tho variations 
with time in tho coils. 

Tlu' same procedure is followed in tho calibration 
of a bridge litted with a sc't of shunted coils instead 
of a bridge wire', Bor tlx; sliuntod coil dials tho 
change's of tlu' shunted coils are' of far le'ss importance', 
and tlx're' is little diflicuUy in adjxisting thenx to tho 
rcepiire'd degre'o of accuracy. 

I'lu'y f)OHS('HH the; advantage of not being subjected 
to wear, as is tho case with a bridge wire. 

§ (14) Standard bSATiON ot a RusiSTANdK 
ThiKRMOMUTWR. — Eov tomporaturoH xip to 600” 
a platinum roHistanco tUorinomotor is gener- 
ally Btandarclisod at the tomporatiire of melt- 
ing ico (()” (h), of tho vapour of water boiling 
under normal proHsuro (100” (h), and of tho 
vaj)oiu'of wulphur boiling under normal prcfisuro 
(444-5”). 

Eor tho ico-point tho thermometer should 
1)0 well immersed in finely - crushed ico 
moistened with water. Unless tho therm 0 - 
motor has boon carefully scaled or provided 
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with a dryiag tube to prevent access of moist 
air, prolonged exposure to the low temperature 
will cause electrical leakage owing to the 
deposition of moisture 
on the mica. 

The steam-point is de- 
termined in a standard 
form of liypsometer 
such as that showm in 
Fig. 16. It is advis- 
able to take precautions 
to prevent escape of 
steam rising around the 
head of the thermo- 
meter, as the thermal 
effects produced are 
apt to be troublesome. 
Alternate readings of 
the barometer and 
bridge should be taken, 
and correction made if 
necessary for the differ- 
ence in level of the 
mercury cistern of the barometer and 
hypsometer, if the difference in level is 
considerable. 

§ (15) The Sitlphue Boiling-point. — Ex- 
periments ■with platinuna resistance thermo- 
meters have shown that it is possible to 
measure the temperature of the sulphur boiling- 
point with a precision of a few lOOths of a degree 
without difficulty. Consequently it is advan- 
tageous to specify the conditions under which 
the sulphur boiling-point is taken, so that the 
point is reproducible to this degree of accuracy, 
even although its absolute value may not, at 
present, be known to a better than J of a 
degree. During the past twenty-five years 
an imm ense amount of study has been given 
to the sulphur boiling-point apparatus so as 
to ascertain the magnitude and effect of any 
variations in conditions. The same imecau- 
tions that have been found to be necessary 
in taking the sulphur boiling - point are 
applicable in a lesser degree to any other 
boiUng-point determination, but the sulphur 
boiling-point, on account of the fact that 
it serves as the third fixed point for de- 
fining the temperature scale between -40° 
and -f- 500° 0., has received the most exhaustive 
study. 

Callendar and Griffiths, in the course of 
their work on the develo]micnt of the resistance 
thermometer method, found that the tube 
of a Moyer apparatus was well adapted for 
boiling the sulphur. See Fig. 17. 

Tiiey also found it necessary to fit the ther- 
mometer with an asbestos or aluminium cone 
as shown in Fig. 17. This cone servos tw ''0 
purposes: (1) It prevents the condensed 
suljihur from running down over the bulb 
and cooling it below the temperature of the 
surrounding vapour ; and (2) it eliminates 



direct radiation fivnn the Inilb to the colder 
walls of the large tube. 

They made a careful investigation of these 
effects; the error 
due to the first 
cause was found 
to bo about 
0-28°, while that 
duo to the 
second cause 
amounted to 
0-49° ; conse- 
quently an un- 
protected ther- 
mometer would 
road nearly a 
degree low in 
sulphur. 

Recently a 
special study of 
the typo of radia- PlO. 17. 

lion shield to be 

onqdoycd around the thormoinoter Jias been made 
by Mueller and Burgess. 

The various forms of shields investigated arc shown 
in Fig. 18. It was noted that the iron shieklH, citluT 
with or without the lower disc, gave practically the 
same value for the temperature, It was, however, 
found that when a polished shield of the simplo 
cone typo was used the readings were -2° low with 
a glass thermometer, and -02" low with a jjoreedain 
enclosed tlicrmometer. Diis elh'et was iirst ob- 
served by Meissner, and sliown to he de|K'nd(*nt upon 
the reflecting power of the interior of tlie HhieUl. 
When the aluminium cylinder typo was employtul 
with the walls slnirply corrugated to foriti a, H{M'i<‘H 



Cone Umbrella Umbrella Coinplctc UmbrellA 
Cylinder und Shield mnd , 
and Dovxble CorniRAtcd 

DJso Cylinder Shield 

Tig. 18. 

of wedges, which is therefore a good radiator, it 
was found to ho as effective' as tli(' otlu'r HliK'Ids, 
Inadequate shielding is also UHU.ally ace.oinpani('d 
by considerable variations in t(un|K‘ratur(‘, sonu'- 
timos amounting to O-I'*, when tlai tluM’rnonu'ier is 
disiilacod vertically, but tlu' a,hH('nc(' of siuk varia- 
tion is not necessarily proof of ad('((uaie shu'lding. 
Nor does it prove that tlu're is no HUpiwJu'iiting 
of the vapour, as in one instauoo eonstant tiunpi'ra- 
turi's were observi'd with a displaec'numt of 4 cm. 
whore, owing to insufficient d('f)th of liquid HulpJmr 
in the tube, the vapour was suix'rlu'ated about. 

From their investigation Mutdlor and 
Burgess camo to the (uincluHiou fbat a simple 
shoot-iron cylind(U’ froTU IJ to 2^ ern. larger in 
diatnotor than the thermometer tube and about 
4 cm. or more longer tlian the coil, ojXMi below 
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and with an nnd)rclla ahovo, was the niost 
satisfaiitory form of shield, which is practi- 
cally the same as that orii^inally devised hy 
(Jallomlar and Oiihiths. The -umbroUa shoTild 
lit the ihermomotor tube closely and extend 
beyond the end of the cylinder, leaving a space 
5 nun. to 1 cm. high between the umbrella 
and cylinder for circidation of the vapour, 

§ (10) iSj'noiFicATioNS OF SuLFiiua Boiniwa- 
POijsiT Apparatus. — The following spocilica- 
iions pr(, posed by Mueller and Burgess as 
the result of their experiments are primarily 
(linadcd to be of assistance in obtaining 
standard ])raetic;c in resistance thermometer 
ealibratiou : 

“ 1. Boiling Appamlun . — Tho boiling tube is of 
glass, fiiHi'd silica, or siinilar material, and lias an 
iulii'i'iial (liaiiK'lii^r of not li'ss than 4 nor more than 

0 cm. ''Phe hmgth must he such that the Unigth of 
the vapour (jolntnn, im'asun'd from the surface of the 
Ihpiid snli)hur to the levid of tho to]) of tho insulating 
material surrounding the tula*, shall exceed the 
hmgth of the tlKumionuder coil hy at least 20 cm. ^ 
Heating is hy any suitable heater at the bottom 
of tho tuh(\ and tiu' aiTangi'inent must ho such 
that th(' Ix'ating ('Umieiit, and all coiuhietiug material 
in contact with iti b'lrminate at h'ast 4 cm. below tho 
lev('l of th(^ li(pii<l sulphur. If a llame is allowed to 
impinge din'ctly oil tlu^ tubetlie lu'at insulation nmst 
extend at li'aMli 4 cm. lu'low the lev(‘l of tho liipiid 
sulplinr. I'luu’e sliould he a ring of insulating material 
above tho lu'ater, lilting tlui tube olost^ly, to prevent 
Huperlu'ating of tlie vapour by convootiou ourrentH 
outHule tlie tub('. Above tlie honh'c tlie tube is sur- 
roumh'il witli insulating ma(>orial, not neoefisarily in 
oontael witli It, and of sucli cbaractii'r as to ])rovido 
lU'iat iUHUlaliou eiiuivalent to a tiuckiieHs of not loss 
iliau I etn. of asbest^os. ^I’iie lengtli of this hmulated 
part has alrcwly binm specified. Anyihwice used to 
close the lop oC tlie boiling tube must allow a free 
opmiiug for mpiiliMalion of pn'Hsure. 

“2, ,l*iirL/ii of /Sbdp/u/r.-^riie sulphur shoxild con- 
tain not oven’ 0'b2 per oiMit of unjiurUies. Tt should 
Ixs leslied to (hdermine whetlum Si'leniurn is present. 

“ liddiafion /iSVrmW.—- dhe radiation shield con- 
Hists of a, cylindim ojk'ii at botii ends, and provided 
witli a eonioal timlireila aixivo. Tho oylindrioal 
part is to Ix^ I -b t,o 2-5 cm. largiT in diameter than 
the profecting tulxi of the tlicrmometer, and at least 

1 cm. Hinalli'r tdian tfie inside diameter of tlio boiling 
tiilx'. ''I’Ik' cyliiubm should extend 1-5 cm. or more 
Ixyond tlu^ cidl at each mid. 'Pile umbrella should 
lit tlie t'h<'rmome(,er tube closely, should overhang 
tlie cylinder, and be separated from the latter hy a 
Hpaei' 0*5 to bO cm. high. The iniuT surface of the 
cylinder must Ix' a ]X)<)r ndlectior, such as sheet-iron, 
hlaeUmXHl ahirnhunm, asbestos, or a deeply corru- 
gated Hurfao(\ 

“ 'f , /Vaccf/wn’..'— 'The sulphur is brought to Iioiling,^ 

^ 'PblH Umgtti was arrived at as follows : Tho 
minimum distance from tlm Ihiuid surfaeo to the 
bottom of the shield was talvim as (1 cm.; excess 
h'ligth of shield ov('r length of thermometer eoU, 
0 eni.; distance available for displacing thormometer. 
(J (un.; minimum distance from top of sUiedd to level 
of toi) of insulation, 2 cm. 

® If tilic sitlpiiur has been allowed to solidify In 
tho bottom of the tube, it uxusi l)o melted from tho 


and the beating is so regulated that tho condensation 
lino is shari)ly defined and is 1 cm. or more above 
the level of tho top of the insulating material. The 
thormornoter, enclosed 
in its shield, is inserted 
into tho vapour, taking 
care to have tho ther- 
mometer coil jiroperly 
located with respect to 
tho shield, and the 
thermometer and sliield 
centred in the boiling 
tube. After putting the 
thermometer into the 
vapour, time must bo 
allowed for the lino of 
condensation again to 
reach its proper lovol. 

Simultaneous readings 
of tho tom])crat\iro and 
barometric jiressuro a.ro 
then made. In all cast's 
care should he taken to 
jn-ovo that the tem- 
|)eraturo is not alToctcd 
hy diajilaohig tlio ther- 
mometer 2 or 3 cm. up 
or down from its usual 
position. 

“ f). ( 'omputniions . — 

'i’emperatures are cal- 
oulatt'd from tlio press- 
ure hy use of the formula 

f-4'14-G(r 

-l O-OOlO (/)-760) 

-O-OOOOdO (p-VOO)'^. 

H nt'ocHSary, account 
should be taken of any 
dillcrenoo in {iresBuro 
between the levels at 
whioli the thermometer 
hull) and tho oiion end 
of the barometer iv- 
Hptxdively are located. 

PresHUrt's are to bo ex- 
pressed in the equivalent 
millimetrt'S of mercury at O'' and xindtT stniidurd 
gravity 

M'xainph of Mcihod of llrdnclion, of Olm'rvatkmH 
lakm in tha Blamlmdmilion of a Platimmi T/iermo- 
wofcr.-r-'Vhci rt'sistanco observations wi're corrc'ctx'il 
for the errors of iho coll value's, tho tiunpernluro, 
and the value of tlio liridge centre di'duccxl. 

Tho K'Sistanoe at the tmniierature of jnell.ing ice 
W'as 2574)10 units. 



top downwards, to avoid breaking the tube. A 
better procedure is that recommended by iiotbe, 
namely, on com])Ietiug work with the aiiparatus, It 
is turned so that the tube makes an angle of 30" 
or less with the horizontal, so that the Hulpluir 
on solidifying e.xtends along tho sides of the tube, 
in which position it may be melted down with Ichb 
danger of breaking the tul)c. kvmx whmi the pro- 
tuxhiro recommended is followed, breakage of tubes 
may be reduced by earcfuUy melting the sulplmr 
from the top downwards over a Bunsen burner before 
applying heat to it in the apiiarntns. 

“ International agnxunent lias not yet been 
arrived at as to the value to be ascribed to tho sulphur 
boiling-point. 
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In steam the resistanoo was 357-953. 

The barometric height during the stcain-point 
observations was 766-20, and the temperature of the 
mercury column and scale 17*65° C. 

The barometric height has to be reduced to that 
corresponding to a column at 0° in latitude 45°. 

Tables are available for this reduction in the case 
of standard types of barometers possessing a brass 
scale, such as the Fortin type. 

The correction for temperature in this case is 
-2-19 mm., while the latitude correction is ap^moxi- 
mately 4-0-45 for places on the parallel through 
London. Hence the corrected value of the pressure 
is 764-52 at 0°, latitude 45°. 

The boiling-point of water under a pressure of 
764-52 mm. is 100*1654° C. according to Broch’s 
recalculation of Regnault’s observations. 

Hence increase in resistance for a temperature 
change from 0° to 100-1654° C. = 100*037 units. 

To obtain the value of the F.I. the resistance at 
100° C. is required. 

5R for 0-1654=,-^^^ X 0-1654 X 0-985 =0-163. 
100*1654 

[The coefficient 0-985 is the value of (Apj5)/A(0 
near 100° 0. for a thermometer of o=l*50. The 
general formula is 

(A^)^/ 2i^00\n 

A{t) \ 10,000 J J* 

Hence 

so that Rjoo ~ ^o~^*^* 

The resistance in sulphur was 679-165, and the 
barometric height 766*23 at 17-5°. Correcting for 
temperature (-2*19 mm.), and latitude 4-0*45°, 
barometric height at 0° and latitude 45° =764*49 
mm. For this pressure the boiling-point of sulphur 
at this temperature is 444*94° C. 

The platinum temperature (pt) corresponding to 
the above value of the resistance is 

679*165-257*916 

=421*78°C., 

99-874 

so that j5-pi=444*94-421-78=23-16. 

How 

tr A 23-16 

Hence 5 = ^-_. = 1.51. 

§ (17) Determination of Low Tempera- 
tures BY MEANS OF ReSISTANOE THERMO- 
METERS. — Holbom and Wien in 1901 extended 
their previous comparison between the gas 
and platinum thermometers between 0° and 
500° C., by making comparisons at -78° (1. 
and - 190° C., temperatures obtainable by 
the use of solid CO. and liquid air. The coil 
of the platinum thermometer was enclosed 
within the bulb of the gas thermometer, so 
as to minimise the error due to the slowly 
varying temperature. They found that the 
parabolic formula obtained by standardising 


in ice, steam, and sulphur vaixuir rcDrcHented 
the gas scale between - 78° and 500° (1., but 
below -78° 0., deviated; the divergence 
amounting to 2*3° at - 190° C., tlie platinum 
thermometer reading too low. 

Travers and Owyor, in 1905, made compari- 
sons at the same two i,omf)eraiui'cs with 
improved apparatus of greater sensitivity. 
They found the departure of the platinum 
thormometor at - 190° C. to be 2*23°, a value 
in close agroemPnt with that of llolborn and 
Wioii. 

Henning, in 1913, carried out a detailed 
investigation over tlie range 0° to - 200° (j. 
The comi'^arison was olfeeiod hc^tween the 
hydrogen gas thermomotor and a number of 
platinum thormometors construetod of wire 
of varying degrees of purity, lowest 

temperatures wore obtained by means of 
liquid air baths, while the iutorinodiato 
points were obtained in a bath of alcohol or 
petroleum other cooled by li((uid a.ir. 

His experiments showed that tlu‘- parabolic 
formula was not valid below -4()°0., and, 
moreover, that platinum thormometors con- 
structed of wires of varying purity were not 
consistent, hut gave results differing by ns 
much as half a degree when immorsod in the 
same bath, if the observations w(n*o roducjcxl 
by the parabolic formula obtained from the 
ice, steam, and sulphur points. 

He found, however, that the scuilcs of two 
diilercnt tliormomet(M‘H could Ih‘> c.oniK'cixxl 
over this range hy a formulji involving only 
one constant, and that the (!onsta.nt could Ihj 
determined by a c()mj)ariHon of tlui thormo- 
metors at a single temperatures 

Thus, if jdatinum temperaiureH pi' and p£ 
are deduced from observations with two 
thermometers c()m})ared at the same tettqxu'a- 
turo, the following ernpincal relationsliip holds 
good : 

pi' - pi ^c.pl[pl- 100). 

The constant c may 1)(^ obtain ( h 1 by a 
comparison of the two tlnn’inomoters a,t one 
low tomporaturo, as, for example, in a li(pud, 
air bath. 

Although the above formula would app(^ar 
to require for its evaluation the use of a 
standard platinum ilKU’rnonKder whosc^ sciUiU^ 
has been diree.tly cu)mf)ar(xl with the gjis 
thermometer, it is poHHll)l(^ t<» utiliH<^ ihuming’s 
data hy making the assumption that liis 
gas thermometer would give the a(au’ipt<xl 
value -- LS2*95° (I for the hoiling-poirit of 
oxygon. 

The cjurve in Vig. 20 is j)lotl'ed from data 
given by Henning for his standard tlnu’- 
momotcr, whoso a was a: d)*003915() and 
5-= 1*484. 

Hence, if a platinum thermoTneten- has to bo 
calibrated down to low temperatures, it is 
only necessary to determine the resistanoo 
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in ice, Htoam, Hulphur vapour, and boilinjoj 
oxygon. 

''PiiC) departure of the scalo at the oxygon- 
point can tlicn bo (;oni])ared with Henning’s 
valiKi at t— - J 82-95° 0. 



J'hU. liO."‘~(Uirv<M>Ioii'<‘d from IIonuiiiK’B IData Cor 
lilK Standard 'DUonuoiuonT. 


In iht^ tnbh^ Ixdow the va.lu(vs t)f ft, m and c 
are givcni for ibe vaifious platinum tluu’ino- 
imderH IfeHled, a.n<l it will Ix^ ohH(U’ved that 
iiluM’o is no obvious <x»nn(Hd/ion botvv(uni c and 
th<^ d of tfie par!iboli(< formula. 


lOOf*. 


c:< HP. 

()-;i8(;24 

(-510 

- o*(i« ■ 

()-:W874 

1-'102 

1 0-09 

o-:h)i:ti 

1 -11)1. 

4 0-00 

0*391:12 

1*491 

10-11 

o.:t9ino 

1 -IH-t 

0 

o*;i9i:m 

1*480 

-0-10 

0-.39l4a 

1 *482 

•1 0-10 


§ (18) KXTUAUOnATlON Olf Til K SOAOK OH’ TIIW 

Ib-ATiNUM d’nintMOMK/riflu Fou Tiiifi Dktmu- 
MiNAM’ioN OH’ llron -TWMiniaATiiitn Mionru^o- 

roiNTS. d’he work of Uoyeock and Neville 

inmuvliattdy follow<xl tliat of their colleagues 
CalhuKlar and (Hrifliths, and was primarily 
dinxdeil towards th<^ det(M’mination of the 
fr(Mwing- points of nud-als and their alloys. 

7'o numsure Uunperaturc'S in the vicinity of 
HKXV’H, it was ncaiossary to extraiiolate the 
parabolic! formula over a range of 400° (I, 
since at that time there were no reliable 
deten'ininadions of the medting-points of metals 
in t(!rms of tlu! gas S(!al(\ 

for exanvph!, gold, a metal obtainable in a 
state of bigli purity, had, aeeordhig to Barus, 


a freezing-point value of 1093° C. This was 
determined by means of a })latinum v^i. 
platinum-iridium couple calibrated in terms 
of a gas thermoinetor. Holbom and Wien, 
at the same time (1892) and employing an 
almost identical method, obtained the value 
1072° 0., a discrci^ancy of 21°. 

Hoycock and Neville investigated the 
freezing-point of gold among those of other 
metals, and their w'ork showed that it gave 
a sharp, well-defined transition point which 
renders it an cxcollenfc “ fixed point ” for 
calibration purposes. 

Employing thermometers constructed of 
wire of various degrees of purity and reducing 
the observations by the parabolic formula, 
they obtained the values given below : 


Ji’awKzrNa-i’oiN'T or (Iold. Purity 99-1)5 Pjsr Cent 


Therm(»mcter 

riuiuhcr. 

Plaiimun, 
'romiK'ra- 
tiirc " 0. 

S. 

d-t-pt 
^ C, 

t " (h 

13 

908-7 

1-500 

153-2 

1001-9 

15 

852-9 

2-040 

2()8-:i 

1001-2 

J8 

900-7 

1 -574 

180-7 

1001-4 

i:u 

90:0:1 

1-55:1 

158*0 

1001-9 

14 

907-7 

1-511 

]54-;i 

1002-0 


Weighted moan . . 

1001-7° 


This vahu^ for the freezing-point of gold is 
in close agreement with the recent doiennina- 
tion of Day and Hosman, ]()()2-4" C. 

A comparison of the most reliable recent 
detewminations of the froeziug-pointa of the 
metals, expressed on the gas tliormomotcr 
seidc, with tlioso obtained ])roviouHly by 
Hoycock and Neville proves conclusively that 
the ix^sistaiK’-o therm ornotcir stamlardiscd at 
0°, 100°, and 444-5° (J. will give tomporatures 
idcnticial with the gas scalo up to 1080° (1., 
within the limits of experimental error to 
wlu(!li the gas thcrmomt^tc!!’ s(iiilo is known. 

This is further coniinned by several direct 
comparisons hctw(!on the resistance thermo- 
meter and the gas thcrmomi4er over the same 
range. 

The appli(!atioii of resistance tliermonx^icws 
to the determination of high - tern fiorature 
frei^ze-points is an operation which nHpui-eH 
(‘.ousidorablo care if rc^sults of th(! liigln'st 
order of acuitiraey arc dcsirod. 

The thermometer usually has a bulb of 3 
to 4 cm. iu length and enelos(xl in a lu^avy 
porcelain Hhcath. ( lonsixpumtly it is n(!C<’Hsary 
to allow for a depth of immersion of from 0 to 
8 (‘.m, iu tlie metal. Eurther, tlu! rat(! of 
(iooling should be slow, to diminish possible 
error duo to lag. Hcyeock and Ncwille state 
that tho freczing-])oint of gold could bo read 
to ,, ,(5° without dilliculty. In a study of the 
effeiit of high temperatures on the constants 
of jilatinum thermo moters they found that 
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tlie first few heatings to 1000° 0. increased 
both the Rq and the F.I. This effect they 
ascribed to the tliickening of the mica plates 
after exposure to the high temperature and 
the consequent straining of the fine mre 
when the coil cools and the wire contracts 
on to the larger frame. 

They concluded that the constants should be 
determined before each temperature measure- 
ment of importance, and, provided the loads 
had been well annealed originally, that these 
constants should be used in calculating the 
temperature, regardless of what the values 
of the constants might be after the experi- 
ments. A thermometer should of course bo 
thoroughly annealed before standardisation. 

§ (19) Kelvin Double Bridge Method. — " 
Tn order to overcome the difficulties associated 
with the use of fine-wire thermometers at 
high tempera- 
tures Northrup 
has proposed the 
use of low-resist- 
ance, heavy -wire 
thermometers 
with the Kelvin 
double bridge for measuring the resistance. 

As is well known, the bridge connections, 
due to Lord Kelvin, shown in Fig. 21, are the 
best arrangement yet devised for measuring 
a very low resistance The bridge is balanced, 
when 

The first two terms being made equal by 
construction, 

x=|s. 

With these bridge connections it is stated 
that 0*01 ohm can be measured to the same 
precision as 100 ohms by the ordinary bridge 
arrangements. By taldng advantage of this 
bridge as a reading device a high -temperature 
thermometer of robust design can be con- 
structed. 

The resistance coil is in the form of a 
small spiral supported by two mica washers. 
The current and potential leads are of a cheaper 
grade of platinum. In fact, it is a positive 
advantage to have the potential leads of an 
impure platinum, because of its low coefficient, 
which may be about 0-G that of pure platinum. 
The connections, as arranged for measuring 
a number of thermometers, are shown in 
Fig. 22. 

To measiii'o a temperature with this arrange- 
ment, the terminals p, p' are moved by a 
switch to the potential terminals of the 
thermometers to ‘'bo measured, while the 
thermometers to the rinht of the one being 
measured are cut out of circuit by y, which 
keeps the resistance of the “ yoke ” low, as 
required by theory. A balance on the 


X 



s 


Tig. 21. 


galvanometer is obi.ained by moving the 
plug N and the slider S. The slide wire on 
which 8 moves would consist of a substantial 
manganin wire lying over a, scale, matk(Hl olT in 
degrees centigrade, if it is desired to make the 
bridge direct-reading. The only uncertain 



Tig. 22. 

element in the method is the possibility of the 
ratio ajb and ajb^y Fig. 21, becoming variable 
in an unknown way through a change in the 
resistance of that portion of the pot(miiai 
loads which lie in the thermometer tube. ^Phis 
uncertainty, however, is practically avoidcvl 
if the resistance a is made suflicitaitly high. 
Calculation shows that, if a is clioseii a^s high 
as 250 ohms, the maximum error frotn this 
cause will not exceed 0T° 0. '’.Pho resisbuie.e 
a may, however, bo as high as 1000 or ev(ai 
5000 ohms, thus practically rculucing the error 
to zero. 

The necessity of having a high resistamui 
in the ratio coils rG({uiros that the galvano- 
meter used shall have a higher souHibility 
than can bo obtained in a ])()rtablo ])oint(U’ 
instrument. There are, however, available 
several very convenient forms of semi-portable 
suspended-coil typos of galvanornetcu’s, having 
an attached telescope and siiak^ wbidi arc^ 
amply sensitive for the purpose. 

§ (20) ReCORDINO RWHISTAWClt'] PvUOMMTEIt. 
— In industrial work it is fre(|uently tuvu^ssary 
to have a ccmtinuous nniord of th(^ tcunporaturo 
of a furnace or kiln during the eourso of a 
complete run. To rne(‘t tboso nupnixurn^nts 
Oallendar devised his autonuiti(t n'sistjuHH^ 
bridge which gave a graphical record of th(^ 
position of tlic bridge-wire eoni-act mak(u’ on 
a clockwork driven drum. 

In the design of thc^ instrument innurtnu’aibh^ 
difficulties had to bo ov<^rcome, particnilarly in 
connection » with the relay ac'.tiou ojxu’atecl by 
the galvanometc^r pointer. It is (wident that 
the motion of the galvjuiomoter pointer must 
close or open an cloetric5 ca'reuit, and the 
practical problem was to make this contact 
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a reliable one with the light proHBurcs that 
are awailablo. 

Fig, 23 iH a general view of the recorder, 



h'M. 2ii. 


wliilHi Fig. 24 iH diagrata of the couiK^etions, 
niovi'.nuMil/ of the nlide-win^ eonta(5t iy 
(*(Te(d,<Hl by (iloekwork pulling a ntring, the 
op(M'ation of the clock being controlled by two 
rtdnyH. 

Ac(^or(ling ay the moving (*,oil of thin galvano- 
m(4(n’ (Id delhHitH in oni^ direcdimi or the 
other, 0 , r<4ay circuit in eompiotiy! through 
oiKb or otb<n' of tiwo (^l(H4ironmguctH MM. Each 
of Uk^hc magnetH iH niount(Hl on a clock, 
tlu' movement of which Ih prevented by 
a brakt‘. Wlnm a (uirrent paHHca through 
ilu^ magmh. thiH braU(^ in lifted, allowing 
lh<^ clockwork to r(nu)lve. '^PhcHo clockn 
are (anmccitcHl by dilTcrontial g(m.ring with 
a r<^eordirig p(ai carrbvgc which is hauled 
in one direction or the other,' according 
aH tht^ brake is lifted from the correHfxmding 
block. Th(^ bridges Hlidor movoH with tluH 
p(hji and tendn to rcHtoro balarxco. A» noon 
an thin in done the galvanometer coil roturnH 
to itH normal ponition, the relay is cut out, 
the brake s|)ringH back, Htop])big the clock, 
and the recording pen E eomoH to rest, until 
the (atuilibriuni of the cirouiiH is again 
disturbed. main dilUculty in devising a 


satisfactory instrument on this general plan 
has boon that of obtaining a delicate and 
reliable reloy. The total current available 
for operating this is necessarily small, and in 
such cases the contacts are very liable to 
stick. This clihienlty Clallcndar has ovor- 
como by mounting tho contact on one of 
the arbors of a clock movement C. Metallic 
sju'ings, (4F, press on tho contact surfaces, 
polishing them as they are rotated by tho 
clock. With this arrangoraont the mako- 
and-break is effected sharply and certainly, 
in 8})ito of the very small force which is 
available for pressing the two contacts 
together. Tho contact ]>iccc consists of a 
ring of platinum. CW, forming the tyre of a 
wlnHd nioinitod on one of tho shafts of the 
(dock. A spring foi'k connected electrically 
with one terttiinal of a voltaic coll, or 
secondary battery, gri])s this metallic tyre on 
either side, and polishes the contact surfaces 
as they move round. Clontact is made by 
one or other of two pieces of stout platinum 
or gold foil (ixod at the cud of the long hori- 
zontal rod, whi<‘h, as shown in Fig. 23, is 
carried by, and moves with, the coil of the 
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D’Arsonval galvanometer GCl. This rod 
carries with it two insulated-copper wires CJE, 
which are connected at tho contact- n\akiug 
end with one or other of tho two platinum 
wires above mentioned. At the other end the 
wires conno(5t with one or the ofh(n' of tho 
two magnets MM, eontrolllng the (dock brakes. 
Those magnets are clearly shown in tlui 
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figures, mounted above the cases containing 
the olockv^'ork. 

The clockwork consists of two clocks 
connected with a simple differential gear, so 
that the screw pulley TS, which drives the 
silk cord PD connected to the pen slide, is 
turned in one direction or the other according 
to the deflection of the relay. 

The carriage carrying both the recording 
pen and the Wheatstone bridge slider, is 
coupled at either end with a cord making 
two complete turns round the hauling spindle, 
as shown. A spring fastening at each end 
of the cord keeps the tension properly adjusted. 
Just below the guide-bar, on which this 
carriage moves, are the bridge and galvano- 
meter wires over which the slider passes. 
The two lie in the same horizontal plane, and 
the slider consists of a platinum silver fork 
bridging the space between them. The front 
wire is connected at either end with the 
battery, whilst at the back is connected to 
the D’Arsonval galvanometer. The potential 
along this battery wire of course falls from 
end to end, and as the slider moves along the 
potential of the galvanometer wire is raised 
or lowered accordingly. A cut-off is arranged 
at either end of the travel of the pen carriage, 
which breaks the magnet circuits, and thus 
prevents the pen overrunning its cylinder. 
This latter consists of a light drum of very 
thin brass, to which squared paper can be 
fixed in the usual way. The spindle carrying 
this drum is connected by means of toothed 
gearing to a clock DC fixed to the frame of 
the instnxment. 
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SHIP RESISTANCE AND PBOPULSION 
1. iSnrp Besihtance 

§ (1) Historical.— For all practical purposes 
it may bo said that the existing knowledge 
of ship resistance lias hinm acquired during 
the last century. It is true that about 3(H)() 
it.o. the Egyptiana had some knowledge of 
this sort, as oven then, their vossols were 
rounded in section, lined at the ends, ami 
given considerable sheer, i.a. ujiward curvature 
of the dee.k and form at the ends. In England 
and NoHhorn Eurojio the advantages of round- 
ing off the fore end were known some 700 to 
3 100 B.c., aa all the largo “ dug-outs ” of 
thia period, which have boon unearthed, have 
this feature. At a later period (a.d. 300 to 
1000), the Vikings and the Rngliali gave tluur 
vessels a form eminontly suited for speed, 
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iadicating a good general knowledge of ship 
resistance. But such a knowledge as existed 
then, both in Northern waters and on the 
Mediterranean, was swamped and slowly lost 
in the effort to build heavy sailing-ships of 
large burthen. Centuries passed, and despite 
improvements in construction and in arrange- 
ments of sails, little improvement of form 
took place until about 1800 a.d. 

§ (2) Early Experiments. — Amongst those 
who have worked at the problem of ship 
resistance must be included Newton, but his 
work has not stood the test of experiment.^ 
He was followed by Euler, D’Alembert, the 
Marq^uis de Gondorcet, the Abbe Bossut, and 
M. Romme (1778). Their experiments con- 
firmed the belief that resistance in general 
varied with the area of the surface exposed, 
and with the square of the velocity of move- 
ment, but the general theory of ship resist- 
ance in other respects advanced but very 
little. The experiments of Bird in 1775, Gore 
in 1792, and those carried out in Scandinavia 
concurrently with Beaufoy’s, contributed 
nothing of any importance on the subject. 
Up to about 1800 a.d. the accepted theory of 
ship resistance was based on the idea that the 
vessel had to overcome the inertia of the 
water thrust away in front and drawn in 
behind, and experienced a resistance due to 
the inertia of the disturbed water. 

§ (3) Beaueoy. — The first successful effort 
to separate the resistance of a ship into 
component parts, and to use model experi- 
ments for this imrpose, was made by Bcaufoy. 
He clearly discriminated between skin friction 
and resistance due to “ dynamic pressures,” 
and he was obviously aware of the added 
resistance experienced by a body on the 
surface of the water compared with its resist- 
ance when submerged. He attempted to 
separate out the skin resistance of certain 
surfaces,- and showed that, assuming such 
resistance varied with the ?ith power of the 
speed, n varied from 1-71 to 1-82. But 
Beaufoy, like his predecessors, was handi- 
capped by a want of knowledge of how to 
apply his experiment results to the estimation 
of resistance of the full-size ship, and it was 
left for the late William Froudo to propound 
a method for doing this, and to demonstrate 
its accuracy. In all essentials the modem 
treatment of shiji resistance is based upon 
the work of W. Froude. His theories and 
methods, which are summarised in the follow- 
ing paragraph, have been tested by comparing 
results obtained with a model and those 
obtained by towing a ship at sea, and by sixty 
years of steady application in ship design. 

§ (4) W. Froude’s Investigations. — Apart 
from the air-resistance of deck erections and of 

^ Beaufoy’s jUj/dranlio Bxpenments, t). xxi. 

« Ibid. Table II; 


the hull above water, the resistanco (LX])orioiiccd 
by any ship may bo regarded as cou^'isting of 
that duo to skin friction, eddy-niakiug, and 
the formation of w’'avos. From a nuinl)or of 
experiments, W. Froudo conchahHl that the 
frictional resistanco of a ship and its model 
were practi(‘ally the same as thoso of ])Uino 
suiffaces of the same rcH])ective huiglbs, area,s, 
and smoothness, moving at the same vchautios. 
To deal with the remaining portion of the 
resistance of ship and model, ho i)roi)()S(^(l what 
is generally known as the “ law of corre- 
sponding speeds.” This states that tlu^ resist- 
ances of similar ships are in tlio ratio of ibo 
cube of their dimensions, when their specnls 
are in the ratio of the squai’o root of tlieir 
dimensions. Speeds comunded by tliis rela,- 
tion are generally known as “ correM])onding 
speeds.” ^ Or to express the law in symbols,'’’ 
it can bo shown that the resistance can 
expressed by the formula 

where p is the density of the fluid, v the spcuul, 
and I a linear ciuantity, defining the scialo 
usually taken as the length of the ship. 
Thus if the resistance of tlic ship is to Ix^ 
accurately re])rosontcd hy that of the nnxhd, 
we must have 

I _ L 

whore Iv refer to the model, LV to the ship. 
Then 



while, since is proportional to 2, Bi, wliiek is 
proportional to varices as P. 

This law is true for resistances arising 
from dynamic conditions which are similar, 
irrespective of size, and is geiux'ally applicfl 
to that due to the formation of waves and 
eddies, whidi is assumed to constitute all 
that resistance cx])erionood by ship and 
model over and abov(^ the frifition rcsistaiKUL 
To this rosistamio Proudo gave name 
“ residuary.” If, therefore, tlu^ iota,) rosist- 
anec of a model bo ascertained by <\x[KX’imenis 
and its friction rosistaiuio ealenhihxl a,H above 
bo deducted from it, the n^siduary nwistamx^ 
of the ship at the corresponding Hpo(Kl (xin bo 
inferred from the result, and wixai a(l(h‘d to 
the calculated friction ressistarKfe givers the 
total for the sliip. TJiis ])r(xxxlure has be(xi 
tested by comparing estimates bas(xl on modd 
experiments with tlio nuiasured resistatu^o of 
a siniilar full-size ship tow(xl tnuUu' the satne 
conditions. The first tests of this kind w(^re 
made by W. Froudo on the (frey/tound in 

« Similarity, Trlariples of," 

So 

‘ 8eo “IMction," § (24) (11.). 
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1873/ and by Mr. Yarrow on a fir«t-class 
torpedo l) 0 !i,t in 1882.^ In both casoB the 
nu'aHiir’od roHiHtanoo exceeded that deduced 
from the model tc'wtB, but the agroemeut was 
Hidhcionbly close to justify tlic nse of this 
UK'.thod of estimating ])owor8 for ships, and 
with some modilicatious in detail it is still 
in nH(\ 

§ (f)). — Of these modifications the most im- 
poria.iit is in the method of calcidating fric- 
tional rc'sistance. hroude assumed: (i.) That 
foi- a.ll lengths gnuidu' than 50 fii. the resistance 
could be obtained, for the first 50 ft. by 
using tb(^ (ionstaiiits obtn,ined for a 50-ft. 
plnnk, n,nd that for all fhe surface beyond 
this letigth th<’! r(‘Histanee ixu* s({ua.re foot 
would b(^ samo jlm fihat of the last foot of 
th(^ 5()-rt. plank, this Ixung d(d;(‘rniin(ul by an 
analysis of his n^sults ; (ii.) that ihe resistaiiec 
of a <ih'an platc'd ship could ho calculated 
f?‘om that of liis smooth planks without any 
oon’(H‘tion lor rouglimsMS or form ('hect. These 
assumptions, aJtbough still in (H)nsid(u*al)lo use, 
are nof. now lusM’issary, adul an* not nuuh^ 
ill tlu^ (laita and metihods of (‘.alculation h(‘re 
givim. 

hor sako of elearm'ss, (‘ueh of the tliree 
main factors in n'sisi ujkh'. is fireated separately. 
AKiliougii this is tlu^ usmd practiei^ it is not 
siii’itt.ly iMU'i'CMit, as all three are to a small 
and usiuiilly not important extent iiiter- 
ih^pendenli. ^riu'so e.ross (dleei'S are dealt with 
under tdu^ si'parato headings. 

Mho Hiatioii on stream -lines is iuteuded 
mainly as a,n intirodmU-ion to the subject of 
ship vvavt^ formation, a.ud its (ilose ally, shij) 
form (h'sign. data givcu), however, serve 

to illuHtrat(^ points raised in diseiiHsing frictional 
and <'dt!y ri^sistamK*. 

11. Skin irumrioN RKSisTAmiw 

§ ((5) Skin hhiioTioN. -This is one of the 
most prolilie, eausiw of ri'isistanee to the move- 
uumt of ships tlu'ougli water, in all well- 
(h^sigiuHl v(^hh(4h it amounts to about 80 per 
cent of tlu' whole nisisldinee at low speeds, 
and <^v(m in a tor[Ki<lo-boat destroyer at its 
ma,ximum sptvdd of about 40 knots, 40 per 
cent of the whole rosistaiuu^ is duo to skin 
fihtion. In but one typo of vessel, viz. the 
hydroplane (§ (35)), is it a comparativedy 
unimportant factor, and tluai only at high 
spiM^ds. 

It may be deliruMl as the tangential force 
b(d)W('(m tlu^ surfaee of a moving l>ody and 
tlu^ hiyiu' of wat(U' with wlnieh it is in contact. 
44m nature of this tangential force is little 
known, Its c41eet in tlm case of a smooth 
surfaee is to sed in motimi a com])arativoly 
thin layer of water in ihe immediato neigh- 
bourhood of tlu^ body, and tliis layer is usually 

* I'tiHt, Naral ArcMteHa Tram. xv. 

* Xhid. xxiv. 


called the fridiomil belt, Torzaghi’s experi- 
ments ^ with thin films between glass plates 
suggest that the innermost skin or film of the 
water in contact with the body has slioaring 
and tensile strength aa well as viscosity, and 
that the projjortios of this him are different 
from those of larger bodies of water. To 
what/ extent this may hold good for the 
boundary of a ship form is, however, not 
known. ' Kelo Shaw’ a experiments suggest 
that there is a thin film (much thicker than 
Torzaghi’s film) in contact with the body in 
which the movement is purely straight line 
or viscous, and that sinuous movement exists 
in the remainder of the frictional belt. 
IStanton’s experimenta have eonfirmed this. 
4.410 layer is approximately onc-tenth milli- 
metre in 1/hickness, but gradually merges into 
the aurroimding sinuous flow streams. The 
Iluid in contact with the moving surface 
moves with the velocity of the surface at the 
point of contact. 

§ (7).*'-(lalv('ri’H experiments with long 
planks show that tlic forward motion of thia 
b('lt at the after end of a ])lank imu'caaea with 
the length of the ])lank, and both dalvert and 
Alilborn liavo found that, for a perfectly 
])lane aurface, iiu'reaai^ of vi'loeity of the 
Hurfacio tlu'ough tlie iluid did not materially 
imu'eaHe thi^ thiekrussa of the frictional bolt, 
but only increased the accelerations of the 
])arti(4eH inside it, a result in genera) accord 
with the equationa of motion, when viscosity 
is the only external force acting. Ahlborn 
alao found that the thickness of tho bolt at 
tlie after en<l of hia jilanks inoreascid but very 
slowly with incroaHo of length of surface, 
parti<udarly when this was smooth. 

§ (8) R/KKiaTANCK Olf SmOOTU Ih.ANKS. — 

The amount of energy dissipated in this way, 
by smooth bodies moving in water, has been 
investigated by Ileaufoy, Rroude, Cfobcrs,’ and 
Baker, ^ ete. The results obtained for smooth 
planks, by these ox))crimenterH, arc given in 
1. 44ie ordinates are values of 
and are plotted to a base of VL/r, where 

R is the resistancK^ in lbs. [ler scjuare foot, 

V is the Hiiood in fi/. pew second, 

Ij is the lengt h of surface in feet, 

V is tho kinematic visetosity of tho water, 

p is the (hmsity In Ihs. per cuhki foot, 

for in tliis e-ase we tian show that 

Brovided that one is dealing with bodies 
similar in form and nature of surface, the 

® 1020. 

* iHst. NaMl AfcMlMa xl. 

® lhi<i, xxxlv. 

® SchifflmutiH'h'H 'iHvhtnh QmXlM'htft, ,x. 

’ H<'hijtbau„ ninth yirar, tlos. .12 and 13. 

“ N.ILV. M. Bug. and *S7a;i. Tram, xxxil 
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value of R/zjV^ at any value of YL/v should 
be the same, whatever the dimensions of the 
bodies.^ Although none of the planks whose 
results are given were made “ similar ” in all 
their dimensions, the figure shows that except 
at low YL/if this difference had little effect, 
and the mean curve may be taken as defining 
the resistance of a long smooth plank in water. 
This curve passes well through the spots 
obtained by Froude and Baker. Geber’s 
results lie a little below those. His experi- 
ments were made with the top of his planks 
out of water, and the difference in result may 
be due either to this or to the very great care 


Skin Friction Resistance 
Smooth planks &. models in water and in air 


I The on rue adopted for power estimates (^11) 
Js based on the curue marked 1 



6X10® 10X10® 16X10® SOXlO® 86X10* 30X10* 36X10® 40X10® 46 Xio'^ 

Scale of -i>~ 

FlO. 1. 


taken by Gebers to obtain a perfectly smooth 
surface. 

Beaufoy’s experiments wore made from 1786 
to 1798, his object being to dotorniino the 
friction of a surface following behind a tapered 
fore end, whose resistance was separately 
measured. This procedure, and other condi- 
tions of the experiments, load to some small 
inaccuracies, and the difference between liis 
results and the mean curve are attributed to 
these. 

The results for planks of short length differ 
considerably, not only between the work of 
different ex]ierimentcrs, but between different 
l)lanks tested by the same individual. Carotul 
experiments made in the National Tank have 
shown that in tliis region of YLjv a groat deal 
depends upon the accurate setting of the 
experiment, and that with a perfectly uniform 
speed of advance a tnuch lower resistance is 

^ “ Dynamical Similarity, IMnciplcs of," § (14). 


o])ttiincd than is the case ov(mi with quite 
small irregularities in speed. It is believed 
that in this region, when the H[)(^ed is steady, 
the flow is more nearly viseous in (diaracUu’, 
but is easily changed to sinuous with any 
irregularity. This probably also explains the 
large difference (allowing for donsHy) between 
the friction of planks obtained in air and 
in water at the same YLjv. In an air channel 
the fluid is ovorywhero in sinuous and dis- 
turbed motion, but with water there is no 
such motion to start with, and its dovelo])- 
ment may sometimes bo avoided; the fricd-ional 
resistance will then bo smaller. 

§ (9) CriARAOTEU OF SURFACK. — Ex[)(‘ri- 
ments made by VV. Froude, Ilakoi*, and d'aylor, 
with ship models varying from 10 to 20 ft. 
in length, show that no a])pre(uable variation 
of resistance is experienced with surfa.e.(^H 
having a coating of shollae varnish, rod-lead 
paint, black-lead varnish, paralUn wax, and a 
number of ships’ “ compositioiis,” tuul it can 
be concluded that the data for smooth planks 
hold good for any reasonably hard sniootb 
surface. It has sometimes boon stigg(wted 
that skin friction might bo reduced by blowing 
air into the water at the surfaco of the body. 
Very complete experiments made on a larger 
paddle steamer showed that the prosen(^o of 
the air had very little ofl'ecit on tlu^ r(^HiHi/ain(^<^ 
— and such clfcct as was dcU'ctable wa,H not 
good. Experiments with planks hi bihuited wit.li 
oil have been nuule in fJie Washington Tank. 
The f)rescnco of the oil increased Irhe resisfianee 
by 5 per cent, but this diminislied as Du' oil 
was washed off. 

A ship’s surfatie is made up of a. mimlxM’ of 
strips of ])lates worked longituditially so that' 
the edges of the ])lates an^ (^.xposed. Tlu^ an^i 
of wetted surface is iuen^asi^d slightly by this, 
and in the case of a modorati^Iy (iiu^ form th(^ 
resistance was also increaHcul 8-7 pi^r (leid^ 
If those longitudinal strakc^s of [ilating airx^ 
made iij) of a number of short lengths of plate, 
the after end of one lafipiug ovtw the fore (uid 
of the next, there is a <u)nHid(u’able ifuu'i^asc^ 
in rosistant^e. d’his is the condition which 
exists in all ordinary ships, and (^xpcM’inuuits 
with models having similarly a.rr‘ang<Hl surfaiu'S, 
with the plating thickiuw (uirrcct to sc-ah', 
indicated a 10 [ku’ cicmt incixMisii in n^sistaiUH'. 
The increase varied with th<^ thickness of 
plates, the above figure litM’ng for a ^00-ft, ship 
with strakos of J-iiUih plating 4 ft. wi(I(\ tin* 
plates being 20 to 24 ft. long. Other experi- 
ments with these ship rtuxh^Is won^ nuuh^ with, 
the foremost cightli of the hmgth [icrfcHitly 
smooth, the nvst of tlu^ surface Ixung coattul 
with plates as above. 'Idiese showiul tlvat 40 
per cent of the whole inoreme. in r'esistanco 
caused by the plate edges aiul ends is du(^ 
to those in the foremost eighth of the limgth. 
Experiments with a model having a “ ealico ” 
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HurFuc.e HU])f)()rt tliiH rcHult. The oxtra rcsist- 
aneo duo to 1 h( 1. ft. of calico, placed any- 
wIku’o about ainitlahijw, ou au otherwise 
Hiiiootli model of about 10 ft. in length, varied 
fr’oin ouo-ludf to ono-third of that for the 
Hame surface placed within 2 ft. of the bow. 

Idle ed'eed of a uniform roughening of the 
Rurfaco iw given in the accompanying table, 
derivt'd from W. Eroudo’s experiments with 
I)laidcs. There is a marked falling off in 
('ITecdi of a given stale of roughness as length 
is iuerea-sed, that is, as the dimensions of the 
sui’Face iiua’eascHl relative to the size of the 
partich‘H forming the roughness. In applying 
smdi I'csults to a slop it is essential that the 
rougluiess of the model shall be “ similar” to 
that of iihe ship. Thus a growth of weed 
about d in. in length on the ship would bo 
r(’i|)r(^sen(t(Ml on an average model by a very 
rough calico surface, and not by wood of the 
samt^ length. 

TAniuii I 

Rclativio Umsistanou ok UNnrouMLv Rough and 
Smooth Suukaom 



noil 

{(,li of Hnrf.'U'o In K'not,. 

iNiU.iirci of 


H. I 

ao. 

60. 


UofllfllutU’O IHM’ 

Hq. Efc. llouKh 1 


|{i'nlnl,n,n(‘0 luir Hii. KL HinooLh | 

(tilico .... 

2*2 

1-05 

1-93 

1*89 

Pine sand . 

2*0 

1-87 

1*05 

1*02 

M(‘(liuin Hand . 

2*25 

1-95 

1*03 

1*95 

(1()ai’H(' sand 

2-75 

2*2*i 

2*14 




.. . 





§ (10) Somi) lh)oxwH. — ddioro are no direct 
(^Kpin'iniential data on the friction of solhl 
hodi(\s in water, and V(‘ry little guidance is 
to Ih^ obtained fi*om tluM)ry. Por vei*y low 
veloe.itiim La. with viscous How — Loo ^ has 
shown that iilu^ (linaueUn’ of the cireidar section 
of (Hpial r(‘HiHi^aii(io to that of any elliptical 
Hcu'tion is (Mpud to tho sum of the semi-axes 
of th(^ (dli])tieal section, and for a thin plank 
will b(^ oiu'-half the width of tho plank. There 
is no authority, however, for assuming tho 
Hanu^ rule io a))f>ly in ordinary turhulent llow. 

If thci v(L)(!ities in the theoretical stream-lines 
for a non-viH(U)UH lluid around any solid body 
ar<^ ohiiaim^d by calculation it will ho found 
thal tilu^ nuvui value of tho rubbing velocity 
of tlu^ strcMuns, taken ov(w the whole form, 
generally oxcchhIh tho vehxiity of tho form 
itself, tlie e.K(^osR varying with the fulness of 
the body. For flow in two dimensions only 
(iliis (.\Kvim varies from U per cent for a ftill 
form io b p(w (ami for a line one. Per a threm- 
dinumsioii form of ])nHmatic coellicient *53 
^ Imt. Naml Anhitoda Tram, Ivill. 


the mean velocity of the streams in contact 
with the form was 1*03 times the velocity of 
the form. Such an increase in velocity must 
carry with it a corresponding increase in 
resistance. Experiments in a tank with many 
sliip models at low speed when tlie wave- 
making was negligible showed that the resist- 
ance exceeded that calculated for a plank of 
tho same wetted area and length. The excess 
vailed from 4 per cent for a long line form such 
as a torpedo-boat destroyer to 10 per cent 
for a battleship or liner form, and 10 to 14 
per cent for a full type of cargo vessel. 

§ (11) Power absorbed by Priction Re- 
sistance. — This can be estimated from the 
data already given or from the following 
formula : 

Effective horse-power = •0()0024SV^'®®, 

where S is the wetted area in square feet, V 
is tho shi]) speed in knots. 

This contains no allowance for cither the 
roughness duo to tho plate edges and ends, 
which amounts to about 6 i^er cent on an 
average, or for tho effect of form as given 
above. An addition, amounting to 10 per cent 
in long fine vessels and lb ixu’ cent in short 
full-cargo vessels, is required to allow for those 
effects. Hie index is based on a logarithmic 
])lotting of tho data of Fuj, 1, and reprevsents 
the experiment rcsultis lor i)lauks at all high 
speeds. 

§ (12) Dimensions and Wetted Surface. 
— Th(^ smaller tho wetted surface of any ship 
can bo kept, consistent with non -wave-making, 
tho better will be the resuR,. Calculations have 
shown that with fixed length tho surface is 
remarkably non-sensitivo to such factors as 
fulness of form, but depends mainly upon tho 
j)riu(iipal oross-dimenHions. Tho w'ctted sur- 
fac.e j)er ton of diB})lacoment will decrease with 
cither increased draft, the beam being faxed, 
or with increased beam, the draft being fixed, 
and the best ratio of beam to draft is that 

which gives the 

same reduction 
of skin per ton 
displacement 

for cither beam 2. 

or dTaft varia- 
tion. If a simplified form of ship having all 
horizontal sections of tho shape shown ha 
fig, 2 bo considered, the best ratio of beam 
(26) to draft («) is given by 

26^^202-1- 2^/6‘M-c^ 

(I -h c) \J IF -h C*^ 

Por a ship form with rounded sections tho 
ratio is ahtmt G per cent less than the 
formula indie, ates, and is about 2*8 for a form 
liaving parallel body for about 30 per cent of 
its length amidships, and somewhat Ic^sh than 
this for forms with 50 per cent of parallel body. 
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When the displacement and length are kept 
constant, if the ratio of beam to draft is near 
that given above it may be changed to a 
quite fair extent without any noticeable effect 
upon the wetted surface of the ship. 

III. EdDV RES1STA.NCE 

§ (13) Eddy-making. — In the strict sense 
of the word eddy, all frictional resistance 
might be classed under this heading, as the 
frictional belt consists largely of eddies. But 
by long usage it has come to mean that 
resistance due to eddy formation or broken 
stream - line flow, produced by some cause 
apart from skin friction or only indirectly 
due to skin friction. 

When water is made to flow along a pipe, 
from a large to a small diameter, no matter 
how rapid the change in diameter is effected, 
no material break up of the flow takes place, 
but if the flow be reversed it is found that, 
unless the increase in sectional area of the 
pi]:)e is very gradual, the steady flow will be 
broken up, and there will be a tendency to 
form a central stream surrounded by an eddy- 
ing annulus. This same phenomena is always 
liable to occur around any solid body such 
as a ship, at such parts where the flow may 
be divergent in character. For the mainten- 
ance of the stream -line flow around such 
forms, areas of high pressure are required at 
the two ends, mth regions of variable but 
always low pressure between, and the particles 
of water as they meet the after bexly liavo to 
pass from low- to high-pressure areas, just as did 
the water in the expanding pipe ,* and if the 
rate of expansion of the stream- tubes necessary 
to keep contact with the form exceeds a certain 
amount they will not follow the form. More- 
over, the water particles moving into the high- 
pressure area automatically render up what 
speed they may have, hut if this is not 
sufficient to maintain the necessary ])rcssuro 
they tend to stop still. What will then happen 
is not very clear, but there will bo a break-dowm 
in the general stream -line ai'rangemcnts at 
this part. In a perfect fluid of infinite extent 
such break-downs will bo ])o.Msible when the 
total change of velocity head is equal to tliat 
corresponding to disdiargo into vacuvM^ and at 
a free water surface, wlioro tlio atmospheric 
pressure must in any case bo maintained, the 
requisite velocity ohango will bo very much 
smaller. With a viscous fluid flowing past a 
shij) the streams quite efloso to the fortti will 
have lost a good deal of their H])ocd bc^forc 
reaching the after body, and th<^ liability 
to form eddies will therefore bo inenMised 
When there is a free surfacio to the fluid — as 
is the case with all shij)s ex<!ei)t subinariiH^H — 
the chance of eddy formation is still further 
iircroasod as indicated above. 

The pressures which would exist without 
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any free surface arc dilTcront from those acf-ually 
existing, owing to the formation of weaves. 
The energy dissipated in tlu'se wave's is ex- 
tracted from the stream-line's, anel tkei’o is 
less aggregate energy in these close to the 
form at the after end than a.t the fore end. 
In addition to this it must bei retnembere'd 
that at the after eiul tlmrc is a eonsiele'rable^ 
u])W^ard flow e)C the particles eilosiug in around 
the stemn, and this elcmaiul for greafor poieniial 
energy is soinctime's me)ro than the ))artie*l(^ 
can satisfy, and a brcak-de)wn oee'.urs. 

Eddy-making of this kinel, therefore, is to 
some extent do])eudent upon the bulkiiie\ss 
and abruptness of feature of the ship, ami to 
a smaller extent u])on the wave-making (wlnhdi 
will vary with the speed) and the skin frie.tion. 
The energy lost in the odclies thrown olT will 
vary with the square of the whirling ^nioeity, 
the size of fko eddies formed, and tlu^ rai;e 
at which they arc shed. Tliere is tio exj)('ii- 
mental information on the latter point, but 
provided that this factor can be assunu'd to 
bo relatively the same in model and ship, and 
in .so far as tlm break-down in flow prodiuiitg 
the eddies is dependent on form and flow in 
general, the resistance duo to it will vary in 
accordance with Fronde’s law of com])arisoti. 
But since the frictional resistamto is known 
not to vary as the s(inaro of the v(floeii.y, 
from what has boon said it is ('vick'iit that the 
accuracy of tlio eddy -resista.mu^ estimates, 
based upon the use of Fronde’s law, will Ixi 
aflccted to the small ('xU'iit to which any 
break-down in flow dep(mds upon this faeliOr. 

§ (14) Edov Rksjstangk — Experiments 
with shij) models have shown : 

(i.) When ocldy-making is produei'd by ab- 
ruptness or bhmtncHH of form the eousequetit 
resistance varies with the H(|uaro of the 
velocity within the limits of the exixx’inunits. 

(ii.) With increaflo of Kp(xxl the ex ha it of 
the eddy formation inereast^s slightly, ix, tlu' 
break up of the stream occurs at a position 
which moves forward slightly with high sixied. 

(xii) To avoid eddy-making tlu^ after (aid 
of the form must be so (k'sigmxl that the 
stream-lines if they are to exist sliall in no 
case 1)0 inclined at an angki in exei'ss of 
K)*" to 20*' from tlui line of motion of the 
form. 'Tlio lower tigure should Ix^ UH('d wdtJi 
high veloeiticH (for examph', for airships 
and rorpe(iooH Hi'' is the maximum slant of 
a longitudinal seetion of the tail) and the 
upper tigure for low velocitii's (as in cargo 
vc^.ssels). 

(iv.) For ordinary mercantile^ ships of low 
spcuHl, having leasonably good linos, tlio 
iniuirnum Jemgth in foot* of actual taix'red 
after end, meaHured from the sectfon at which 
the roducton of sectional area begins, to the 
stern ]K)Ht, is givc'-n by 

L«a4*l\/immorscd midship section area iusq. ft. 
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Wave-making:? considerations may, of course, 
demand a gn'ater length than is given by the 
above formnla. 

§ (15) Kkad Rxostrtanck — A second form 
of eddy resistance developed by a ship, some- 
times called “ head resistance,” is due to snch 
foataros as condenser scoops, bracket arms, 
web Hnp])orts to the pro]icllcr shafts, thick 
stems, and stem, posts. This resistance, how- 
ever, constitutes only a small portion of the 
total. Thick stems, stern posts, and con- 
denser scoo])s ])rcsent a flat face to the 
st.rcams they nna't. Their resistance is given 
by th(^ formula 

R--1-12V^ 

when^ Hi is resistance' in lbs. per sq. ft. of area 
of [)rojec,t,ed snrfac-e, V is fiho velocity in ft. 
per Moc'.. 

Jf the ■i)i*op(dl(n‘ shafts arc carried in a case 
supporiecl by a deep web or bossing ” from 
th(^ shi})’s side, the rcsistaneo of this bossing 
can ho ixuluccd to almost its skin friction, 
provided the piano in whicili the web is worked 
— ^ is along tiho natural lino 

A h ^ c)f flow of the streams 

-y jf 

pell(.‘r sliaft is supported 

i)y largo brachet arms 

— — — ii — iKMir the prop(dlor the 

' L --- - resistance of th CMC struts 

Pm. or anxiB is giv('n by the 

following formulao for 
two types covering a rather bad and a normal 
Hection. 

Strut arms of w'ction A, Fig. 2, 

above ^^''—(1 X, py*. 

/)V“ Jf 

Strut) arms of sexition B, 

■!^„r-3-0{)4 at and abov(^ x lO'’’. 

pV'‘ Jf 

R is th(') rc^sistancx^ in lbs. per H(p ft. of the 
prodmdi hmgth, L of section and length 
of {irm or stnit. 

/; is the (h'nsity of the fluid “1*09 for salt 
water. 

P istlu^ kimunaiio viscosity of the fluid, which 
for Haiti watxu’ varies from 1*98 xl0“® 
at freezing-point to 1*29 x 10”^ at 
15^ (I 

In both (uiscs it is assumed that the piano of 
tlu^ stirut arms is in the line of flow. At lower 
VIj/v values the values sU'adily inercasc^ 

aiul tlie ral(^ of increase hocomes abnormal 
below V(V*'-l'0x 10''*. 

4Mie vcIocutioH to be used in these oaleiila- 
tions are those of the streams jiassing the 
scoop, st.ruts, etc., which, owing to the stream- 
lino elTect an<l the frictional belt, will vary 
from •() to *5 the vclo(‘ity of the sbip. Tlu^ 
higlu'r figure holds for line shixis, the lower 
for full- bodied ocean tramps. 


IV. STKEAM-nmEs OF Ship Forms 

§ ( 16 ) Stream-line Motion. — The forces 
and velocities produced in a fluid hy the 
motion of the body through it are usually 
calculated on the assumption that the fluid 
is non -viscous, perfectly homogeneous, and 
incompressible. The motion of the particles 
in such eases is fully determined by the well- 
knoxvn equations of motion. The justifica- 
tion for ap])lying the deductions from such 
calculations to the flow around ship forms 
lies in the fact that it is found experimentally 
that the main body of water docs flow in much 
the same manner as the mathematical solu- 
tions would lead one to expect. 

In ship design a knowledge is required of 
the relative velocities of ship and fluid particles 
at various positions along the shi]i, when it is 
moving at a uniform speed. The problem 
is more easily solved inathomatically, and 
pictured mentally, by adopting the standpoint 
of an observer on the vessel, and considering 
it as fixed and the fluid moving past it. When 
at every ])oint in the fluid the velocity and 
dir-oction of flow remain constant in time, the 
motion is said to be ‘‘ steady.” A number of 
fluid particles, originally moving with uniform 
velocity in a straight line, will then continue 
to follow one another, but along a deflected 
path, as they approach and recede from the 
body, and will constitute what is called a 
“ stream -tube.” The extent and nature of 
those cliH])lacemonts can sometimes be detor- 
ininod if the shape of the body can bo ox- 
prosHcd by certain algebraic formulae.^ 

§ (17) Theory. — The motion, when ex- 
pressed as an equation, is not always easily 
pictured, and a graphical interpretation of 
the result is generally more convincing. As 
is explained in the article on “ Stream-lino 
Motion,” the motion of the particles can be ro- 
prosontod by tubes through which they move ; 
the cross-section being constricted wliero the 
particles flow faster and expanded whore they 
are retarded, the actual velocity at any point 
varying invorsely as the iToss-section of the 
tube. The calculations are considerably sim- 
plified by assuming that the flow is “ two 
dimensional ” in character, i.e. takes ])lacc in 
one piano only. 

For example, the flow around an oval of 
length 2Jja^-i-2ab) and breadth erpml to 2h 
is giv(m by the equation 

^ '' 2cot”‘(b/a) — 

\ff being the stream function, and R the 
velocity in the uniform ])ortion of the sfiream. 

This equation is obtained hy combining the 
motion of a single source and sink distant 2a 
apart with a uniform flow of velocity U in 

^ See “ Stroam-liiio Moi.ion." 
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the direction from source to sink. The hhuit 
end of the body for which the above deter- 
mines the stream-linos bears little resemblance 
to ship lines, which are usually given a sharp 
angular termination. 

§ (18). — Taylor ^ has developed a method of 
obtaining ship-shape stream forms and their 
stream-lines by combining an infinite number 
of sources and sinks of varying strengths lying 
on a straight line, with a uniform flow 
parallel to the line of the sources and sinks. 
The values of due to the sources and sinks 
are calculated at a number of points for a 
series of abscissa values. For each abscissa 
value a curve is plotted so that its horizontal 
ordinate at any y value is the ^ value for 
that y and abscissa. Points on a stream- 
line are given by the equation = con- 
stant. Such points can be picked out and 
the stream-line drawn by joining them. An 
infinite variety of forms can be obtained, 
by varying the strengths of the sources 
and sinks at different points, and the stream 
form will be a closed one, provided the 
total source and sink strengths are equal. 
The length of the stream form will he the 
length of the source-sink lino ; its breadth will 
depend upon the relative strengths of the 
sources and the uniform flow. A number of 
forms obtained by this method are given in 


2(1 being the distauco betweeu the houndarlos. 
An infinite number of such sourciss iind sinks 
in. a straiglit line, of varying Htrc^nglli ([(der- 
mined by tho constant are combined with 
a uniform flow. Tlic })ro(H'dui'e is much the 
same as for the unrostrieled Iluicl. One ('x- 
amplo in which the source-sink strengths have 



Stream Lines and Pressure Curves for angular 
form with and without boundaries. 


Tia. f). 



; Pressure Ctiruos for Stream Forms gfuan below 



The stream forms are symmetrical about amidships. 
Fig. 4. 


F'kj. 4, together with the diatrilmtion of 
pressure along them. 

This method has been extended ^ to deter- 
mine the stream ])reaHures around two-dimon- 
sionai forms with pointed ends, symmotrically 
])laccd midway betwocm boundaries parallel to 
the direction of motion. For this tho stream 
function —A tan- ^ ?//.'«, for a source or sink 
in an infinite fluid, is rcjdaced by 




= A' tan“ 


I (7ra;/2r7) 
tan {TrylMY 


lufiL N(iral Architarts Trans, xxxv. 
^ Ibid. Iv. 


been so adjusted as to give the Ha.nu^ form a.H 
in oi)en waba* is given in Fuj. 5 to illusiraii(y 
tho effect of boundary M'alls (for elTcait upon 
reHiHtan(‘o h(‘o § (80)). 

It is [)OHsibl(^ i)y the sounw-and-Hiulv nudhod 
to calculate tlu^ Jlow a.round solids of rc'vohi- 
tion, moving along their a.\('S of rewolubon, 
and tlio case of such a solid in a, eomuudine- 
cylindrical boundary can aJso tr(Md,(sl in 
tins way. 

§ (19) F.KiucRri\ti5NT4u Miotuods. Su(di in- 
vestigations nogletd- many faelnrs which ituiy 
1)0 important, ospisdatly in tlun ease of tho How 
around ships, and for siieh purpose's ('Xp(‘ri- 
montal meaua of (kdiuMuining tJio streuim-liiu's 
have been devek)po(l. d'aylor’s nud.hod 
consists of coating the' surnuie of a woodeai 
model with glue, whiedi is paJiited ovew wilb 
a strong solution of sesepu-ohlorido of iron 
(Fo 2 ('I(j), Tlie mo(l(^I is towed in fre'sh \vn.t(n‘ 
at a speed corresponding to tlie normal speed 
of tho shif) it reprcWMits, and a stnuig solution 
of pyrogallicj add is ejecd-ed tb rough small 
holes bored througb tho luditoiu. jidd is 

wasliod aft by tho water, and <‘oming into 
oontaed with tho .Fo. 2 (l,j Ic'avos a dark div(u*g(U)t 
mark or penen’l on the surfaeo of tho nnalol. 
Such lines show that, broadly speuiking, in 
ships with croHS-Hocdiions approximating io 
a rectangle amidsliips, tho ilow is divided 
into two parts. Hdio first, near tho surface, 

® Amerwan ^Soc,. Naval ArFdtcctH Trans, xv. 
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approximatoH to two-dimoriHional flow in an 
almost horizontal piano, and tho second passes 
down in stoop diagonal pianos under tho 
bottom at the fore end, and rises again along 
similar planes at tho stern. Tho lino of 
division of those two main flows is approxi- 
mately along a diagonal piano at the bilge, 
and recent work at the National Tank has 
led to the conclusion that, where those two 
tyi)ea of flow meet, tho aciaial flow is fro- 
(piontly unstable, and there is probably some 
dilTorotuic between tho velocity of flow along 
the sides and bottom. This method only 
doliiK's tiu'! flow oloHo to tho surface, and the 
stream -linos so obiiained are to a certain extent 
afl’ectod by tlu*! fi-ietional belt. They arc, 
therefore, not al)S()lutely reliable as a guide 
for tho direction fiO given bilge keels, shaft 
wohs, and otiuu' noexwsary undor-watcr pro- 
jections from the ship’s surface. For this 
])nrp()so a number of small flags are used, 
(‘acli of depth ecpial to that of tho pro]-)osed 
pn)j(^ction, each carefully halaneed in water, and 
soeurod to a spindle passing through a gland 
in tlu^ surfa(H> of the model, at the point wlau'c 
th(^ How is to be detcuuniiUHl. Tho inner end is 
litt('<l with poinbu' moving over a gm-duated 
seak'i. 'The positions taken u]) by llie ])ointorR 
are nxioixkxl during each t/cst, and the flag 
positions an' afterwards transferred to tlie 
imxUH surfae-e. 'riu'se flags have been used 
sue.tx^Hsfnlly on s(W('ral (xx'.asions to determine 
tlu' flow at sonu^ distance frotti tho hull, as 
well as (h)H(' u]) to tlu^ form. 

§ (20) IMtMHSURf*! DlHTUinUTlON. -- Tlio 
g<Muu'al (duu’aelcM’iHtic.s of tlu' pressure curvcjs 
for Hhip-Hha[)e Ht.n'am forms are as follows: 
Fi'oin an inlinite distance in both directions 
th(' })reHHnre slowly ris(‘s from zero until it 
nxiclioH th(^ neighhourluHxl of the ends of tho 
form. It Hum rises rapidly to a tuaximtim 
positiv(^ pressinx', falls sharply to a maximum 
n<'gativ(' pressure, and tlu^ negative pressure 
p('rsiHt-s along the (X'ntn'i portion of the form. 

A close sl/tuly of such pressuix' (Uirves gives 
a (duo 1.0 the pa,rtieular feature's of tho form 
vvhieh pnxhux' large' pix'SHure dilTeretieos, and 
is a va-liiahk' a.id to the ship designe'r in deter- 
mining the' shape of the water-lines near tho 
surfaex'. fl’lu' value' of the' niaximmn j)reHSuro 
is gre'ate'f the' fulk'r the' form, and ex'ours 
neare'r the' e'lul wlu'u i.lu' slope' of tIu' form at 
that ('lid is iiK're'ase'd. (lonve'rse'ly, the lltu'r 
l.lu' form the loweu’ tIu' inaximtirn positive 
pre'HHUi'e', but the' gre'ate'r Ix'c.ome'S i.lu' length 
of the' form ove'r wluc.le the' positive pre'ssnre 
exH'urs. fl’Iu' gove'rning fe'ature producing the 
rtiaximum ru'gative' [)r('HSuro hc'tweon the ends 
and tlu' ('('litre' of tlu' form is the curvature, 
or rate of e'hange' of shajx' from tho entrance 
to the se'ct ion of maximum beam. The epnk'ker 
this ('urvature, tho groatc'r is tho maximum 
iiegativci pressure. 


Rankino has shown that for two-dimensional 
flow round an oval whose length/broadth 
equals sjii (called a lissoneoid) tho pressure 
changes are more gradual than for any other 
oval. If the ratio is less than s,/^ the pressure 
curve has its maximum negative pressure 
between each end and the centre of tho oval, 
while if it is greater than JS the greatest 
negative pressure is at the middle of the oval. 
This suggests that, ignoring wave-making, tho 
best proportion of length of entrance/half-boam 
in a ship would bo sJ'S, but many experiments 
with ship models show that this ratio can bo 
exceeded with good results. 

Tho maximum pressures of the various 
forms of Fig. 4 occur at different positions 
along their length. If tho ship designer can 
so arrange his form in the immediate vicinity 
of tho surface in such a way that the maximum 
negative ]wessure of one water-line is partially 
over tho positive ])ressuro of a water-line 
some small distance below' it, the not resultant 
pressure will bo small, and the surface move- 
ment will also bo small. This has been 
acliiovcd in certain low-speed cargo boats. 
A full Hui'faco water-liue is essential for 
commercial reasons, and can bo associated 
with liner lower water-lines stepped back 
relative to the upper ones, so that, duo to 
both their liner angle and the actual sot- back, 
they tend to create their positive pressures in 
tho same section as tho fuller load wuitor-lino 
is trying to create negative })rossuros. (See 

§ m) 

§ (21 ). — A word of caution is nocesHary in 
drawing de'ductions from theoretical stream- 
lines, and ai)])lying them to ])ractico without 
exporime'iital eonflrmatlon. it must net bo 
forgotten that in tlio theory a “perfect” 
fluid is assumed. With this there is ordinarily 
no possibility of a break-down in tho How, as 
exf)lained in tho sec'tion on eddy-making, and 
i.lu' elToe't of the froo surface anel its movement 
under any change of pressure is ignored. Also 
flow in three ilimensions is at present calculable 
only on the aBHum])tion of tho flow being 
symmotrieal about an axis, or, in other words, 
by ignoring the offeeit of gravity upon tho 
system as a whok'. 

V. Wavk RwsiHTA'mm 

§ (22) Wavi'JH.— fl’ho nature of tho stream- 
line pressures se't up around a moving form 
has aln'udy Ix'e'U ek'Seribod. if tlu' fluid 
wx'ro a pe'rfee't one', and the body well below 
tho surface, tho total forc'-and-aft forc'C on 
tho form would bo zero. This would also bo 
the case at tho surface if tho surface is supposed 
rigid, do8j)ito the fact that tho pre'scnco of 
this boundary surface had ('aused considerable 
difTerem'os in the fluid pressures. In suck a 
case tho surface would bo subjected to press- 
ures varying in the systematic fashion already 
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described, and if its hypothetical rigidity is 
abandoned it will form into humps and hollows 
under the inEuenoe of these pressures. This 
alteration in pattern of surface effects another 
modification in the stream pressures, and these 
will therefore vary to some extent with the 
waves formed. In the case of a ship travelling 
on the water, the total weight is constant, 
and, neglecting any vertical accelerations, the 
immersion of the ship when in motion must 
always automatically vary so that the verti- 
cal resultant pressure on it is equal to its 
weight, and this alteration affects the whole 
system to a small extent. The final pressure 
system created is therefore the balance 
achieved under these varying influences, con- 
sistent with the free surface being one of 
constant pressure, and the upward force on 
the hull remaining constant. Its general 
characteristics remain the same as when the 
form is submerged, but their relative magnitude 
and importance change with form and speed. 

§ (23) Theory. — The disturbance of the 
surface produced by a point of pressure 
travelling in a straight line over the surface 
of the water has been considered by Kelvin ^ 
and Havelock. 2 This consists of a system of 
transverse waves travelling ^vith the originat- 
ing point, associated with divergent waves all 
radiating from the point, the whole pattern 
being contained within two straight lines 
radiating from the point at an angle of 19-46° 
to the line of motion. The height of suc- 
cessive transverse wave crests at the middle 
line diminish in the inverse ratio of the square 
root of their distance from the point. Near 
the outer boundaries of the wave system, 
the crest of each transverse wave is bent hack 
and joins a divergent wave in a cusp, and 
these three waves form a sort of triangle with 
curved sides, of which the cusps at the comers 
are the highest points. The heights of those 
cusps diminish with distance from the point 
at a slower rate than do the transverse waves, 
so that the divergent waves become relatively 
more marked towards the rear. 

There arc, however, very serious differences 
between such a point of pressure and the 
pressure system of a ship, in fact the whole 
science of shij) form design has arisen largely 
from the study of these differences. Have- 
lock ® has traced tlie offect of a travelling 
pressure disturbance similar in character to 
tliosc of Fi(]. 4, the work being confined to 
two dimensions, and transverse waves only 
being formed. If this pressure is independent 
of tho speed, there is a certain sj)cccl above 
which tho wave formation continually dimin- 
ishes. If the pressure varies as some power of 
the speed less than two, the rcsistanco tends 
to a limiting finite value as speed increases 

^ Math, and Phi/tf. VavvrUf ii. and iv. 

® Roy. Soc. Proc. A, Ixxxi. “ IMU. Ixxxlx. 


indefinitely, corresponding to dimiiiishcd alti- 
tudes of waves at the higher speeds. TJio 
interferonco between tho waves set up by tlie 
two ends, and other £ca1-ures, are similar to 
those described later, hut tho su])])osition of 
two-dimensional motion rules out any cUverg(Mit 
waves. 

§ (24) Wave Trains. — Tho deformation of 
tho water surface resulting from tho motion 
of all ships, oxco])t hy(lrox)lanes or skimming 
boats, has always the same general character- 
istics. Most noticeable are two firaina of 
waves of short Icngtli along each (most line, 
commencing with a heapocl-up wave at the 
bow, and trailing away on each side along a 
diagonal lino, in such a way that cae-h wave 
is stopxiod behind its xu-cdoocssor. IdieHc are 
called the bow divergent waves. .Between 
the divergent waves on ('ither side of the ship 
other waves are formed, liaving tlu'ir crest 
linos near tho ship at right angh^a to tho direc- 
tion of motion, l)ut bent baede wards slightly 
as they axqjroach and coaloHco with tho 
divergent waves. Those waves have a (lofinif/o 
length hotweon consecutive crest Ihu^s, given 
in foot by 27 rV^/f 7 , whore V is tho ship’s spood 
in feet per second, and succcssivo wjivos vary 
in height in tho inverse ratio of the square root 
of their distance from some ])()int in tlu^ how. 
These waves are known as tho how transveu'se 
waves, and are most readily seen in ])rofil(5 
along tho side of full -ended ships, siie.h as 
ocean cargo vessels liaving long Icuigths of 
Xmrallcl body, when forced above tlun'r natural 
or ocononucal speed. The outer end of euich 
ti'ansversc wave is associated with a diverges it 
wave, and remains aRsoclaicHl witli it at all 
speeds, i.e. as tho divergent wave moves out 
along tho diagonal line, tlu^ transvevrse^ wavo 
drops aft and incroascH in length of (U'cst Hm^ 
These two sots of waves together cionst/itutc 
tho principal wave Xcaturos of tlie bow, and 
are known as tho bow wave system. 'The 
middle portion of a ship, throughout whic^h 
the section remains the same, does not give 
rise to any additional waves, but at tho aft('r 
cud another wave system, e.onsisting of 
divergent and transverse waves, is foruu'd. 
The transverse waves, in tliis casis (iomuumc.o 
with a trough, which brnds to form wJhu'o 
tlio sections of the ship begin to redmui in 
area, and is followed liy a (u-est at the sbu-ii 
post. The divergent sysbun commencc^s at a 
varying distance ahafii tlie first l.rough, but 
is hardly visible in a, well -designed low-spissl 
shix). 

§ (2,5) OUAUAOTIORtSTKIS OR DrVKROI'lNT 
Waves. — Tho iirst wave, at the bow of a 
low-S])eod sliip, is generally called a “bow 
breaker” when it extends atu-oss the liows 
nearly at right angk's to the middle lino, with 
the outboard (aids (uirved back, freipuaitly 
foaming along tho front slope of tho crest. 
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Tho rest of the wav<5S following the bow 
breaker are clilToront iri cliaractor, their crests 
being concave ’out wards, all of them making 
a imieJi sniallor angle with the direction of 
motion. Ea(^h succeeding wave is longer and 
Mitia.llor in lieiglit than tho one in front of it. 
Tho j)erpondicular distance between the crest 
linc^H of consecutive waves wlicii clear of tho 
slup, is given by (27rV“/f/) ji, their velocity 
measured in the same way being V sin [i, 
where V is the ship si)ced in feet ])er second, 
a.nd d the angle b(dvv('en the (a’est lino and tho 
dir(H',iiou of motiion. 

A straight liiub drawn from the bow through 
tiio points of nnixinunn hoight of all tho 
div(Mg(Mit waves on one side of tho how, 
mak(^s an angle with the middle lino aj)proxi- 
mately one-half that of the individual crest 
liiu^s, and this relation holds good at all 
spe(HlH. Inenvvse in speed deereas(^s all tho 
er('Ht-line a,ngleB, and in vessels of moderate 
Hp(M^d tlio bow br<Miker becomes similar in 
character to t he otlu^r eehelou wav(\s. 

At low sptHMls all the pa,rtielos forming those 
wa,ves ma.intiaiu tlu^ir gcauiral ])osition relative 
t.o eaeii ot.lua', but witli iiuuHaise in ajK^ed the 
pairtieh‘iH of iJie suidaicn lev(‘lH nea,r the stem 
move out and in v<ay rapidly, as well as up 
and down, a.s t.he divcngtait wave (‘•r(Nst passes. 
At still higlu'r spe(Hls, only tho outward and 
upward moveinent nanains, and in such vossols 
as (l(^slroy(a’H and hydrophnu'S, tho surface 
levi^ls at th(^ c.n^Hl of the primary bow divergexxt 
wav<*, ^jonsist of wat(n* thrown out in a curling 
broken stream from tho ship's bow, and 
tho ctaagy in this waha* is irrecovorahly 
lost. 

angU'H btdwcHax tho (in'st liiu'S and tlio 
mi<ldlo lim^ of tlu^ shi[) vary from 10” in a de- 
stroyew travthing at UH knots, to 2(1” for a liner 
at normal sjanal, and IIT’ for afull-oiukd ocean 
<5argo V(m'l at ahout 10 knots. Hharp(a’ angles 
to all tho hwel lim^s of the fore end of tho ship 
tiHually prodmso sinalh^r angles of divorgenco, 
and diminish th(3 laaght of the how breaker 
ami the amount of l)roken water along its 
forward <algo. 

^V\n) div(a’g(uit waves at tho siorn in low- 
speed ships are hardly tiotieeablo, but when tho 
form has ra|>id (hango in (uirvaiuro as tho 
lim^H af)pnauh the stern, a set of divorgont 
waves ix^eotiu'S ai)par(ait, cjoitunenoing with its 
prirnaiy (U'csis a lllilo abaft tlio lirst hollow 
of tho skuTi transverse system. Tho angles 
of lh <3 enmt lines and other charaeteristics are 
pra< 5 tioally tho same as those of tlio bow 
systnm. In liigh-six^cd ships tho primary 
((Vest of the divorgemt system starts from a 
))()int near thex afhsr em'l of tho shi]), and is 
noti(5(Mibl(3 at all spoods, but its importance 
diminislies witb, spcHHl 

§ (2()) GlIAltAOTKilUMTfOS OI<’ TiUNHVEUHK 
Wav F-H.— Each wave of this system is of Qnito 
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length measured along its crest. In contour 
these waves depend to some extent upon the 
ship’s form, but they are usually much 
steeper on the forward than on the after 
slope. They are not so w'cll marked as the 
divergent waves at ordinary speeds, but owing 
to the larger amount of water involved, the 
energy they absorb is considerable. 

If the bow is suffioiciitly removed from the 
stern for tho motion set up by it to be negligible 
there, then two comixlete wave systems are 
formed. As a rule this is not tho case, and 
the waves seen at the stern are the result of 
tho Wo systems coalescing. They naturally 
vary in height and position with tho ship’s 
speed, length, etc. But for all moderate 
s])ocds the ])ositi()ns of the bow and stern 
j)ressxiro systems aecom])anying the ship do 
not change materially as the speed varies, 
and tho primary how crest and primary stern 
holhnv always tend to form at the same posi- 
tions along tho slu[)’s length. Observation and 
analysis of many ox])enmcnts have showm 
tliat the distaiuio between a point half-way 
betw(‘on the primary bow crest and hollow, 
and the trough of tho ])rimary stern wave, 
<;an bo expressed in terms of tho ship’s length 
and fuliu'SH, and is given by c^=j>L, whore 

jj is the length of tho ship ; 

2 ) is the pristuaiic coclliciont, or tho ratio 
of tho immersed volume to tlio pro- 
duct of tho length and largest section 
area ; 

so that d is tho displacoiuent divided by tho 
lurgc'St section area. 

'^riio hoight of tho resultant crests will depend 
upon th(3 ])liaso dilToronco between tho two 
systems. If I'hj is the depth of tho bow 
system wave hollow at tho stern, and h,^ tho 
stern system hollow, assuming tho waves are 
trochoidal in contour, tho depth of the re- 
sultant wave formed will ho given by 

A2 = /j“7ij2 + 7i2= + 2/V‘aOoH^, . (1) 

where I)^(Z -^(STrV^j/gr, oris a measure of tho 
l)haso difToronco of tho two systems. 

Tho fluctuations jxroducod in tho henght of 
tho following waves whem the ])haHO dilTerence 
of tho bow and stern systems is varied, can 
bo soon from tho wave jirohles given in Fi(j. 0. 
Those results wore obtained with a sories of 
ship models having identically tho same bow 
and stern, In'twoen wfiich varying lengths of 
perfectly parallel body wore introclucccl. Tho 
dimensions of tho form arc given in tho figure ; 
tho speed at which the measurements were 
taken was :140 ft. per nxinuto. Tho positions 
of tho primary bow and stern waves were 
unalTectod by tho amount of parallel body 
between them. Tho actual siorn system is 
hidden in tho model, but careful analysis 

3 a 
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of the different combinations shows that the 
primary stern waves are as dotted in the 
figure, and the combination of these with the 
actual bow system, gives the final set of waves 
at the after part of the ship. 
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§ (27) Enkkov absorb ki> in Waves. — 
Kvory wave created by any disturbance of 
tbe water surface involves the expenditure of 
an amount of energy, and if the wave con- 
tour is trochoidal, this is given in foot-pounds 
by SLh^{l -TrVi^l2L^) per foot run of wave 
created, whore L is its length and h its height 
in feet. 

Approximately one half of this is absorbed 


in j)otentia! energy, the half height of the wave 
from crest to hollow being 7rA^/4L ft. above 
the still-wator level, and tho other lialf in 
kinetic energy involved in tho rotary motion 
set UJ) in tlic water. Amongst a group of 
uniform waves, each })ariielo re- 
tains its energy of motion, but 
its potential energy d(^j)ends upon 
S its position. When ix> ])arti<;lo is 
^ to tho 7 'ear of its mean position, 
'r' it is always acquiritig potential 

I energy as it risers to the crest, 

and it gives this up when it is 
1 forward of its moa,n position as 
^ g the ba(4c sloj)o of l.ho wave passes. 

^ ^ In this way ])art of it^s oiuugy 

^ is transmitted through the water, 
^ and the s])eed at which tho whole 
g ^ group can travel without a supply 
fl li of energy from external sources 
I I -i will depend ipion tho relation 

oFi -g I between tho energy so trans- 

0 ’£ mitted and the whole energy in 

I J ^ tho waves. Jn troi^lmidal waves 

I 2 this is ono-half, and a group of 

^ .9 ^ such waves if left to itself will 

. I* advance at ono-half the velocity 

oi of tho individual waves. At oac^h 

ond of siK'h a group tlu^ro will l)o 
H two or three waves of dinuiiish,- 

A 9 ing height, but other wise the 

T S ? whole group will maiintnxn its 

— I g ^ uniform henght and ehara(jter for 

I g » oonsiderablo distances. 

1 I If a trav(dling disturbanoo is 

creating such a group of wavers, 
ow J tho fore end v)r tbo gnni}) must 

__ ^ g move with tlu^ V('lociiv 

« I b\ disturbance, i.r. tbe veloeity of 

.'I II tho individual waves, but W(dl 

J ^ clear of tho disturbaiuH^ tho group 
rci will move as before with ono- 

1 2 half this vcloc.ity, and tho length 

J ^ of tho group will iiun'i^ise at 

o ^ a rate e(pial to on(^-half thy? 

9^ § velocity -of the distnrbanee. 
^ ^ The energy recpiired in unit time 
^ to enlarge the group in this wRy, 

I. divided by tlu^ veloeity of tt'»o 
^ disturbance, is tbe vvav(^ resist- 

anco oiKioimtered by jt. In a. 
ship the waves formed an'i 
not necessarily irochoidat or 
uniform, but their gimeral 
eharaeteristicH are the samt', and tln^ ship- 
wave roHistanoo is govm'ned by ilu^ himik^ 
considerations as dotaik^l abovc^ for a 
regular group, and tln^ fiinduations in 
wave height of tho final group at tlu^ rcsir 
of the ship slnnild bo reflceted in tbe ship 
resistance. 

Havelock baa shown that a travc^lfing 
I)roHHuro disturbance^ similar to those of Jfig. 4 
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will waves and expcrionco resiMtaiico 

whioli will vaiy wilii 


A2 ~ 
4 yi 



where a is nearly hat not quite the longi- 
tudinal distaiieo hotvvecii tlio maxinuim and 
nuninium values of the proHsuro, and A is a 
inoaHiiro oE the inagnitudo of the ])rcssure. 
If A !)(', lalccn to va.ry with tho wpiarc of the 
vt‘loeil,y, as would ho tho case for a suhnicrgcd 
hody^ tlu') rt'Hiwtaneo eonsists of an C!X])onential 
t(UMn and an oseillating hn'.tor. Tbei comhina- 
tion oE two sueh piX'SHuro disturhaiKiOH, the 
n'sar one of less magnitude tlian the forward 
one, givc'S a uumh('r of tcriUH containing the 
Hanie expoiuuitial fiincbion, added to terms 
with oHcillal ing factors in them. ThoNc oseilla- 
tions i'(ui(!!i a ma,xiinuni wlum waves arc formed 
of lengtli (iorresponding to the distance ho- 
twcHMi the two pi*esHure huini)S, or a f>reHsuro 
hump and hollow at one end— piirticularly 
tins how. 

(28).' — The effect of tlu^ fluctuations in 
wavc^ lu'ight U})on the resistjuum cn.n he seen 
from tho lower pa.rt of Fl[}, h. ddus shows 
the i'(^siduary resistaium of tho nuxhds at tho 
sa.me spcsMl at which the waves in the u])per 
part of tho ligure were imuisurcxl. The wave 
(tontours iiiarkcd A, ,B, C, et<!., correspond to 
ahseisHa(^ marked A, .B, (1, (diC,, in tho lower 
j)art of th(^ figure. Wlum a trough of the 
i)ow system eomhines with a primary stern 
trough, it prodiuu^s a largo wave and a maxi- 
nunn n^sist-ane.e. 'riie aim of the designer is 
tlun*efore tio t^hooH<' such dinusisions and form 
that tho rc^Hultant wav(^H formed at tho usual 
or s(U’vieo spoixl are of minimum luxght, ix, 
tJm-t 1) of e<piation (1), § (27), shall bo 0 (pial 
to 2/t “I- 1/2 (wave-length corresponding to the 
Hpe(xl) or (2/j'l-l/2)(7rV“’7f/)- 
in a sonuwhat dilTer(uit and practical form hy 
writing 


/n'Y^ / vvave-huiglih at speed V 

^ ' \ jjrismatio (‘.oedrsuent x length 


•74G 


ViJL’ 


wIku'O V is the speed in knots and L tho shix) 
hujgth, in ftnd. 

l'\>r mini muni wav(^ ri^sistanco 


00 "" / .y ‘ OU*; 

and for maximum wave resistaneo 

OO" ' >/ri»oto. 

d'he highest si) 0 (hI for a niaximuin resistance 
is given by tol-O. This liolds good 

for all d(^Htroy(WH, mot-or hoats, etc., and any 
growth of wave resistiinoe beyond this Hxioed 


will be continuous. When the cosine term 
in equation (1), § (27), is zero, the resultant 
wave resistance is that due to the bow and 
stern added together, and is equal to that 
w'hich would bo obtained if the middle parallel 
portion was long enough, to enable the waves 
of tho bow system to spread, so as not to 
interfere with tho stern system. The speed - 
length values at which tliis occurs are given by 

Vi etc. 

§ (29). — A second form of interference 
amongst tho waves formed by a ship is due to 
rajiid change in sectional area of cither end, pro- 
ducing a maximum negative x:)rcssurc close to 
tho maximum positive pi’cssure of the end. 
When tho speed is sufficient to form a wave 
with crest and hollow axiproximating to these 
maxiTiiums, the resistance will increase at a 
greater rate. If this form is associated with 
(ioiihle curvature of tho load water-line, two 
sots of divergent waves may bo formed, one 
as usual near tho stem and the second near 
tho x)<)int of in (lection of the water-line. The 
first set will have tho smaller obliquity to tho 
direction of motion because of tho finer angle 
at tho stem, and tlieso may ci’oss tho second 
sot, giving rise to an intorforonco effect similar 
to that of the transverse waves. The usual 
result of such intorforonco is to produce an 
inoroaso above tho normal resistance at some 
particular speed. It is difficult to give any 
aocurato formula for tho speed when these 
olfoots occur, but an increase in resistance at 
a spood given in knots by 

V= I'OSVlcngth of tapering fore part of ship 

is usually found to bo duo to the form of tho 
bow being unsatisfactory in this rcBjicct. 

§ (30) Effect of Tyff Form on 

Hkhirtanois. — To form, a correct estimate of 
tho elToot of any form oharactoristic, it is 
best to reduoo r(3Hults to some standard form. 
Ship - resistance values are therefore usually 
plotted as (^ ordinates to an abscissa of cither 
©» V/ VL, or (1^, where 

(1^ is tho ratio of tho ship’s speed to tho 
speed <t a wave whoso length is one- 
half tho side of a cube having contents 
equal to tho ship’s dispilacoment, 

or @=-6834|j, 

and 

. rosiHtanoo liorso-powor 

VV displacement x (ly x V 

©is as defined in § (28), 

V being speed in knots, 

A dis])laeomont in tons, 

L tho length of the ship in foot. 
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Typical curves of are given in Fie/. 7. 

A constant value of the (2) ordinate means 
that the resistance varies as the square of 
the speed, and the absence of any serious 
wave-maldng. If in such a case the value 
is high, this usually means that the virtual 
size of the ship is greater than the actual, 
owing to dead-water or eddy formation, either 


Typical © values for Ships 



at the upper levels at the stern, or due to a 
too abrupt turn of the bilge lines. 

At low speed the sldn friction should 
account for some 84 to 94 per cent of the whole 
resistance, the former figure holding good for 
cargo vessels and the latter for narrow and 
fine-lined vessels. Since frictional resistance 
varies with a power slightly less than the 
square of the speed, the ordinate of the 
curve should diminish slightly as the s])ced 
is increased, until wave-making makes itself 
felt. Divergent waves show themselves by a 
steady rise in the value as speed is increased, 
the rise commencing at quite low speeds. 

§ (31) Cargo Ships. — ^These are not intended 
for more than 13 knots on a ship length of 
400 ft. A single hump in the curve usually 
denotes the presence of a marked entrance 
wave, due to the bow lines being too fine or 
hollow. Such vessels require full (and some- 
times convex) bow level lines near the surface, 
associated -with finer lines at the lower part 
of the ship. This produces V-shaped bow 
sections with considerable flare, a result which 
can also be obtained by raking tho stem 
forward and upward. In this way the positive 
pressure produced by the lower levels is under- 
neath and tends to counterbalance the negative 
pressure of the upper ones, and the not result 
is to reduce the bow breaker (see § (25)) and 
its succeeding hollow, and at tho same time 
ensure that the second bow divergent crest 
is well away from the form. In vessels of 
this type, for simplicity of construction, a 
considerable portion of the length amidships 
has the same cross - section. This portion 
requires to he shaped into tho tapering 
entrance by very gentle curvature, particu- 
larly at tliG bottom, so that there shall bo no 
locality of high-pressure change. 


I The stern lines arc usually set Ik'd by the 
considerations given in the section t)n eddy 
resistance. A length somewhat greatcu* than 
that of tho entmneo is usually required, aiul 
it follow'S that tho bow waves arc always of 
more importance than the stern ones. 

§ (32) Mogeratio Speed Vessels. — This class 
includes tho intermodiato passenigor steainei’s, 
fruit and meat steamers, and others working at 
speeds from 13 to 17 knots for a 40()-ft. ship, 
or at values of -55 to -7. Uiere is a certain 
length of b<.)tli entrance and run necessary to 
avoid abnormal wave-making. 'Jdiis should ho 
a little greater than that given by tho formula 
V = 1-08\/L~> L^ being the length of ontranet^ 
or run. Tho transverse waves d(q)en(l largely 
upon tho loiigiiiulinal distribution of the dis- 
placement, and tlu'i slia])o given to the load 
water-line. Tho former is usually shown by 
a curve whoso abscissa re})res(aits iln^ lenglh 
of tlio ship, and ordinak^ at any point, i.he 
area of tho iinmorsod cross - secdlon at that 
point. This curve requires a slight hollow in 
it at both ends, tlio points of iiiilce.tion bi'ing 
drawn as near amidships as possible so as iio 
secure long cuds. Tho stern watei’-lines should 
bo as straiglit as possible. The bow lines 
should bo either quite straight at tho ends or 
slightly hollow, according to the features of 
tho form and tho spc'cd. 

§(33) Likehs, (htnjsERS, and Ukul-speed 
Mercantile Vessels and 8team Yachts. — 
TJicso have spet'ds in (be m'igbl)ourhoo(l of 
(Rvalues of -8 to 1*1, or, roughly, 17 to 23 
knots for a 400-ft. ship. It is eHs<mtia,l in 
those that tho product (^dj) sliall be so arrangcMl 
that tho Borvieo spood gives a (1^ value of the 
right order for minimum wave-making (h(H) 
§ (28)), which for those vessels means phuung 
the second crest of the bt>w transvcuw'i waves 
as near as possible along the bogiiming of 
tho run, or somewhat aft of amidships, wluin^ 
it frustrates tho formation of tlic shu-n sysienn. 
Eino forms are necessary, and tho curve of 
areas should bo markedly hollow at both 
ends, tho stern l)oing somewhat fulh'r tha.n 
tho bow, and the point of inIkMition in lln^ 
curve should bo kept well towa,rtlH amidships, 
there being no parallel middles Ixxly. Th<^ 
load water-line at tho fore (aid should b(^ 
hollow to k(^ep down tho (liv('rgent wav(^H, 
and this with tho long ('nitraiUH' ki'cqis tlu^ 
bow wave system small, hilling out tlu^ etuis, 
particularly tho bow, is always bad, and it; is 
better to use fine (nuls assoeiabMl witli, a largt^ 
midship section (wbicb can Ix^ made almost 
rectangular) than to cut away the midship 
section and fill out thc> (mds. 

§ (.34) OlIANNE!. AND MaIL HtEAMEIW.— 
When tho spctul is nuditu-ially in (‘.xtx^ss of 
unity (1^ value (which for most) vi^ssels of this 
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ty[)(5 TiK^aiiH a Hpocci ii\ kiiotw about equal to 
the Hcjuaro root of tlio length over all) the 
liollovvuoHH of the ends of the area curve must 
1)0 elitiiitiatcd. The line angle of tho entrance 
iH Htill r(M[uired, but tho load lino should be 
pracitieally straight for sonio distance from 
tho ])o\v, and its maximum ordinate should 
bo well aft of amidHhij)s, A cruiser stern, 
i.e. a stern of which tho surface wator-linos 
extend some distance aft of tho rudder and 
tlu'i lower levels, is of groat advantage to those 
vessels, as it ine-rt'asos the virtual wave-making 
length, and (umhles tho curvature of the 
stern liiu^s to bo kept miudi easier than is 
])ossihlo with tho vortU^al steru])OHt and tho 
usual overhanging mereantilo stern well out 
of water, 

§ (.‘15) T.15. Djostlioykus akd Hydro- 
1‘LANJCS.'— At very high speeds, two things may 
ha|)])en with any vessel. Tho hydrotlynarnic 
])ressuros may ho sunieh'nt, and tlio form may 
1)0 adapted to make uso of them, so that tho 
ship is lifted to ami siipportcHl at tihe surfaoo, 
and “ fdanes ” at the top -without serious 
wavt^-nndiing. Alternatively it may eoutiiiuo 
to eliNive through ilu'' wab'.r at all sj)oeds. 
Tn tins oas(’i tlu^ div('i’g(‘nt w'aves at the how 
continually imaH'asc, hut the i)rimary hollow 
of tho 1 ) 0 w systcmi is now at or abaft tho 
vessel’s sbu’n, a.n(l bow and stern transverse 
waves tend to cancel one another. A typical 

curve (A) is sliown in IHg. 7. ''.rho drop in 

value at top speeds v/ill coutinuo so long 
as tho eaiUH)lni(Mit of tho trausvorse waves 
and the gcaieral diniinutiou of their height, 
duo to Ikclr high speed, oxc(H)<Ih tho growth 
of the divergent waves, kength of wator-liuo 
entrance and line angh^s forward are essential 
if Ike l)ow di verg(M\i waves are to ho reasonablo. 
Aft, tlie water-linos may ho (piite full with 
ail abrupt linisli. All the stream-UiK's near 
tho HlitM’U now tmid to form in pianos ()ara,llol 
to tho eiMdiiul piano of tho ship, and to avoi<l 
rapid pri'HHuro ebangiNS at tho stin-n, vertical 
foro and aft si^dhins of tho form (called 
hiitioek lines) should he fairly J/nb tho slope 
from tho walei’-lino at tho si.m'ri to tho keel 
Ixung as small as ’iiossihlo. d’ho essential 
factor in the attainment of high speed is 
tho ratio (diHplacom(Mii):'/lcngtli. d’ho more 
this is riMlueod, tho h'ss is tho horso-powor 
[)er toll roquirisl (.o propel th(' vossol at iheso 
liigh speeds. 

if tho vesHid lifts to the surfaoo it is called 
a hiidroplaiic.. Such a vessel skimming on tlio 
Hurfaoo of tho water rejircsents a singlo-pressuro 
disturhams), and tho energy involved in what- 
ever waves or stream-lino motion aro sot up 
is not recoverable in any shape or form. 
The linos along which tho water will How 
must be given the snialleHt possible curvature 
ami small angles to tho horwontal. Mat 
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cross-sections, mooting the sides at a sharp 
angle, give tho best result, but aro not suited 
for meeting rough water, and in practice a 
comjiromiao between this and the ordinary 
flaring ship bow must be adopted. Tho sharp 
corners where the bottom meets tho sides — 
called tho “ knuckle ” at tho stern and tho 
“ chine lino ” forward — is necessary to effec- 
tively boat down the water. Without them 
water would cling to tho sides of the boat, 
and as speed is increased' would mount up 
and ultimately swamp it. The chine line 
should bo quite full in plan, lifted above the 
water at the fore end, and should be arranged 
so that when skimming on the water it makes 
about 3° to to the horizontal. Below the 
chine the bottom must be arranged to prevent 
the formation of divergent waves, i.e. tho 
sections must bo given a flat form just under 
the chine. If for tho sake of longitudinal 
stability, or to attain greater lifting power 
and oflicieney, tho planing bottom is broken 
into two parts by working a stop across it, 
the vessel will travel sup])oried on tins step 
and the tip of the stem. Tho stop should ho 
])laced about amidships, and should bo such 
that tho longitudinal tangent to tho planing 
bottom at tho foro side of tho step makes 
only a small angle with tho lino joining tho 
stop and the tip of tho stern. Air must be 
admitted to tho bottom abaft tho stop, other- 
wise considorablo suction will bo developed in 
this region, and the greater tho supply of 
air, so long as there is no interforenco with 
tho stream-lino flow, tho bettor is tho i)er- 
formanco. 

§ (30) RiroAL Water, Canal Walls, and 
Hesistanoe. — When the water in which a 
shi]) works is of finite breadth or of small 
de])th, tho shape of tho stream-lines is noeos- 
sarily difl’oront from those in an iiilinito fluid. 
Tho general character of this alteration is 
shown by Jfig. 5. Its olToct is to produce a 
longer bolt of reduced pressure along tho 
middle portion of tho form, and a greater rate 
of distortion of tho stroams at the ends. 
These changes have a threefold cfTcct u])on 
tho resistance of tho sliip. The former involves 
greater mean relative velocity of fiho water 
past tho ship, and, therefore, an ineroaso in 
the friotional rosistanco of about the same 
poreoiitago at all speeds, sineo tho elToct 
(lepeudH only on the boundary conditions. 
Adio incjreasixl rate of distortion at tho ends 
involves a less iierfect replac.emont of tho 
water behind the ship, and tins also means a 
constant i)oreentago increase in resistaiUH) at 
all speeds — as long as eddy resistance varies 
as tho sj)oo(i squared. Moreover, any grixit 
distortion of tlio streams at tlio stern renders 
them more or less unstable, and is liable to 
])r(>duce bad manoeuvring of tho ship. Kx- 
perimonts have shown that to avoid aM such 
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boundary effects a width of channel equal to 
eight beams is required in deej) water, and a 
depth of about six drafts for a cargo boat, and 
7*5 drafts for a liner, with plenty of breadth 
in the channel. 

Both the above causes of resistance are 
fully developed at low speeds. To them must 
be added the larger waves formed due to 
the greater disturbance and rate of change 
of pressure. This effect is evident at speeds 
given by 

'V'^jinota=5-0 (depth of water in foot) 

and increases continuously up to a critical 
speed given by 

V-icu()tH= 11-5 (depth of water in feet). 

The constant is slightly lower when V is high 
compared with the natural wave-making sjoeed 
of the ship, i.e. when it is a Httlo above that 
giving a for maximum wave-making. At 
the critical speed the resistance is abnormally 
large, exceeding the deep-water value in some 
cases by 60 to 100 per cent. At still higher 
speeds this increase rapidly dies out, as the 
transverse waves are greatly diminished in 
height, and ultimately becomes somewhat 
less than in deep water. 

The general effect of breadth of channel, 
apart from that already mentioned, is to 
augment whatever wave-making would nor- 
mally be present, and to produce these waves 
at somewhat lower s])ecds than in open water. 
If both do]Dth and breadth are restricted, an 
area of channel 200 times the largest immersed 
section of the ship is required to entirely 
avoid increase in resistance at low speeds. 
With a channel of ono-fourth this section the 
increase at low speeds was about 8 per cent 
in two cases tried, hut increased very much 
at speeds producing shallow- water waves. 

VI. Pbopulsion 01’ Ships 

§ (37) Theoretical Considerations. — 
This can bo effected either by such mechanical 
means as a tow rope, an endless chain, or by 
poling — methods only feasible in inland 
waters — or by means of either of the two 
fluids in contact with the shij), i.e. tho air and 
the water. With cither of those, a forward 
thrust can only bo obtained by tho pi’oduction 
of a change of momentum having a sternward 
component. This sternward momentum may 
bo ])roduGod in tho air by tho action of sails, 
or in tho water by oars, paddles fixed to 
rotating ■whccks, a screw propeller, or tho 
ojcction of water frorn pi[)ing ; but whicdiovor 
propulsive agent is used, for officuiriey tho 
change of momentum must ho as nearly as 
possible in tho direction o-i)p()sito to the lino 
of motion, and must bo effected with tho 
least possible shock. 


If U is the sternward velocity imj)arted to 
tho fluid, 

Q is the quantity of fluid acted uj)on 
])er soeoiid, 

V is tho relative velocity of tho ijiqx^lUu’ 
and tho undisturbed fluid, 
w is tho weight of unit vohnno of the 
fluid, 

the thrust T of tho ini])eUer will Ix^ giv(m by 

av^'"’uQ. 

<j 

The useful work done (ujuals 

TV:-''’qUV. 

0 

With no loss duo to sluxL, tlio \ 
energy in the rac.e due to tlu^ | w 
vohxiity CJ imparted to it is 
tho only and inevitahlo loss J 

and tho offieioncy thereforo ecpials 
V 

V+(U/2)' 

This implies that one-half tho velocity U 
is imparted to tho water by tho time it has 
rcachod tho ])ropollor, and tho other half after 
passing through it. If tho race is rotational, 
and tho angular and tranRlnkioiial v(4ociti(‘S 
are assumed to he tlio same throughout it, 
tho equations for tlirust and efliejesney bcxionu^ 

whore 5 = U/(IJ-|- V), r is tho external radius of 
tho race column, and w its angular velochy. 
It should bo noticed Unit tho loss du(^ to 
rotation varies with rtojll, which is tlie tang(mt 
of tho inclination of tho S])iral path of tho 
race i)articlos with tho lino of motion. 

Tho quantity 7 is the ratio of tho stt 5 ruwar’(l 
velocity imparted to tho fluid by tho impolhu’ 
to tho resultant velocity n^Iativo to tho irn- 
pcdler of tho stortiward flowing stU'.ani, and is 
clearly connected with tho slip ratio, a,s 
defined in § ( tl). 

li'or maximum ofliciemy two oouditionH 
must ho satislied : 

(i.) Tho momentum must bo imparhxl only 
hi a sh’iraward direction, and wifliout any 
loss of energy in slnxfk (luring ftio ac(!cl('ratio’n 
of tho water sc^t in motion. 

(ii.) Tho sternward v(h)city impartixl to tln^ 
water must bo a minimum* or for constiint 
thrust tho propeller nuisfi act upoji as largo a 
body of water as possible. 

If tho momentum is iin))arf<xl fiuddvnh/ to 
tho water, tho nnxin velocity of thci water 
past tho propeflk^r heoonu^s (U | V). Iho 
useful work remains tho same as before, but 
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the work put iu iw now ''.r(U+ V), and tlio beat 
ollidicuKiy bo(u>uu\s V7(V-htO* case 

tlui whoio vckxuty U of the race is imparted 
to tbo water at the j)ropcllor. 

Uioro arc other losses in propulsion, dilfcr- 
in^ ac!eording to tlie mechanism used. Chief 
among these arc those due to friction of the 
propeller surfaeo and turbulent flow produced 
iu impelling the water, but tlieso equations 
sei’vc to show bi’oadly on what factors oHicioncy 
(k‘pcu\(ls. 

§ (,‘IS) SoiU'nv pRoi’KLLKU. - ’'riicsc equations 
hold good irrespective of the form of jmq)cller 
producing the inoinentuin, and may be a])pliod 
to i)ropnlsion by oars, by paddle wheels, jet or 
Ht'vew propc^llers. Of tliese dilToront mochan- 
isius for [)ropulHion by far the most important 
in aetuid praeiiiee is the screw pro[)elIor. 
''riiis eonsists of a. K(u’i(‘s, usually thn'O or four, 
of fain-Hlin.p<Hl bIa<l<^H which rotate at l.ho stern 
of a ship about an axis paralhd to the keel, 
and a.ro so sha.pcxl jis to lU’odiKx^ by their 
action on tlu^ wabu’a thrust which pi'opels the 
ship. Owing to its largo diaiUieter tlu^ propeller 
ae(.s upon a hu’ge qmuitity of water which it 
inpxds to the rc'ar witili a steady thrust, this 
s<i(a’nwai'd moving water forming a fairly woll- 
di^limul column at the rear of the propeller 
ealkal the “ ratuv” nr slip stream. It is this 
sleadiuess of its thrust wJuc^h Hef)aratoH the 
screw from the paddle and still more so from 
the o/ir (He<^ (bll)), 

A Honunvhat Ixdter motliod of oonsidoi'ing 
the eni<ii(ai<^y of a .vcrc/a ])ropellor than the 
gcauu'af one ah’csUidy given is duo to Malloek.^ 
A prop('ll(M’ is mad(^ up of a number of blades, 
and (Mieh hluide may be considered as made 
up of a numixu' of annular strips whoso 
H(xitionH ar<^ kuown. If such an elementary 
anmdax! strip is moving along the axis OY, 
and is. rotaling at th<^ saim^ time about an 
a.xiH paralN'l to OY, its path then will bo 
along a lin<' OX, and W(^ assinne this is inclined 
a<» a small juigh^ to th<^ chord of the ehunent. 

Its motion will b(^ n^sisted hy a force R 
a(diing in th<^ dinuh-ion ,XO ; let DM n'prosont 
this for<;(x It will (dso be subject to a force 
L diK'i to th(^ pr<^sHur{^ of the wak^r at right 
angles to OX repr(wmt(xl iu Fig. 8 hy AE; 
A being a point on th<^ Utuh of motion OY. 
Now tlu' foi’c<^ AE is (xpdvalent to KO and 
OA, thus th(i forces are DO and OA, and of 
tlu^se 00 is (xpiivaleut to DO and DU. Thus, 
nsMolving tb(^ forcu^s parallel and porpondic.u- 
lar to oy, we have for Oie eomponoiiis in 
tliest^ two direc/tions ,BA an<l OB ; of these 
BA ropres(nits the thrust duo to tlio element 
and I )B a force at right angles to the direction 

‘ fnd. Himtl AnUikvtH Tram, 1. 1 9ft. l^’or other 
tluuahm of scrciW })roT)eUer action reference should 
))(^ made to the following : Theory of OottcrlU, XnftL 
Nnml Anhiteok Tfaiis, xx. ; It. P, I'Youde, ibw.xbc., 
XXX., xxxlll. ; (Ireenldll, ffndl. xxix. ; Henderson, 
lU. iv. ; ilankliio, ibid. vi. 


of rotation required to keep the element in 
rotation. 

The efficiency of the element as contribut- 
ing to the thrust is given by tlie ratio of the 
components of those forces 
normal to OX, for the 
components in this direc- 
tion do no work on tlio ele- 
ment. Thus the efficiency 
is EE/FD. 

Now let a be the angle 
which the dircebion of 
motion OX makes with 
the normal to OY, and 
the angle given by the 
relation tan /y = R/L. Then BAE=a, and 

EAD = /f. Also BDO=a. 

Again FD = BI) cos a — AB tan (a+f-i) cos a 
and EE "porj)endiciilarfromBonAE= ABsina. 
Hence 



Ellieicniey 


.EI)“ 


A B sin a 

AB tan (a + /?) cos a 

_ tana 
““tan (a-H/3)* 


Provided that R and L are known, the 
ellKuency and thrust of every olomont of 
a blade can bo detorminod, and by integra- 
tion that of the proi)ollcr is found. Tlioro 
is a largo amount of data of this kind for 
aerofoil sections, but when applied in this 
way to x>^’opoller caUmlations groat caution 
is required. Duo allowance must bo made 
in the values of R and L for the intcrforonco 
of one blade witli anotlier, for the ofEoot of 
shape of blade and its “ aspect ” ratio, and 
tlio large variation of velocity iincl prossuro 
iu the fluid at difCoront radii. As a rule the 
method is fairly good for efficiency calcula- 
tions, but is not accurate for quantitative 
thrust data, for which rcoourso must bo made 
to experiments. 

§ (,‘19) Bormw Pboi*elleb Exrerimujnts. — 
'^riieso are necessarily made on a small scale, 
but experiments by Taylor ^ and Gobors ® 
have shown that tho scale effect for water 
jiropcllcrs iu jiassing from 3 to 12 in. diameter 
and from 8 to 24 in. diameter is very small 
—loss than 2 per cent. Tests with air pro- 
jiollors of {(t) 2 and 15-ft. diameters, and (h) 
(,;*2 and 14-ft. diameters have agreed to 
within 3 to 4 per cent. It is generally accepted 
therefore that model exporimonts can bo used 
for estimating both thrust and efficiency of 
full-sized ship screws. 

§ (40) Watjqr and Air BRornLLm Diki^br- 
Jiiisraics.-— Although tho underlying theory for 
both tyj)e8 of iiroiiollor is ^irocisely tho same, 
tho propellers themselves differ in several 
important respects. Those diftoronoos are 
brought about partly by tho conditions under 


® Am. *Ver. Nai^al Arahitccts mid Mar, XJug. Trans. 

V. 

® Schiffbau-Qmllschaft Jahrbuch, 1910. 
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which, they have to work, partly ^ by con- 
siderations of material and construction of the 
XJTopellers themselves. In an air j)ropcller 
compared with a water propeller — 

(i.) The total thrust for a given diameter 
is relatively small. 

(ii.) The volume of air dealt with in unit 
time is large, but owing to its low specific 
gravity its mass is relatively small, hence 

(iii.) The attainment of high thrust per 
unit area of blade, with reasonable efficiency, 
recLuires high axial and rotational velocities 
compared with those of a water propeller. 

(iv.) Cavitation can only take idace in the 
air at excessively high velocities, wdicreas in 
the water there is a limiting change of pressure, 
or thrust x^er unit area of blade, which can be 
produced at any part of the screw disc without 
a breakdown in the flow. To avoid this in 
high-speed ships the propeller blades are given 
wide tips with thick roots, and tlieso represent 
a considerable departure from an air screw, 
although reasonably good efficiencies are 
obtained with them. _ ! 

(v.) The air propeller is much more flexible. 
At and above normal speed of advance, at 
thrusts involving a slip of about 30 per cent, 
the blade bends and the pitch may change. 
With a water x^ropeller there is very little move- 
ment, owing to the rigidity of the material 
from which it is made. 

§ (41) Elements or Pjro pulsion. — Defini- 
tions of terms used : 

The driving face or front of a screw' blade 
is the surface seen wiion looking from aft to 
forward. 

The driving face is usually holicoidal in 
form, and a blade of uniform pitch is one 
whose face is a x^ortion of a true holicoidal 
surface.^ 

The face pitch of a proj^eller is the distance 
Xiarallcl to the axis of rotation through wliic-h 
a point on the face w'ould advance in one 
comx)lete rotation of the generating lino of 
the helicoid. 

If a xu’opellcr, considered as a thin sheet, he 

^ A liolicoid Is the siuface tnuujd out ky a straight 
line one oiitl of which moves uniformly aloniz a 
straicflit line — tlio axis of the screw or liolicoid— 
while the lino itself rotates uniformly about tliat 
axis. 

If we im;i}j:inc a cinnilar cylinder dcseribed about the 
axis of rotation, the rotaiiiifj; lino will e.ut the cylinder 
in a luiix or spiral c.urvo which is inclined everywhere 
at the same an«le to a plane at ri/4ht anfj;leB to the 
axis, so that, if i.ho (‘yllmhw w'l're cut oiieu by a 
line paralh'l to ilu' a.xis and developed into a plams 
tlio trace would (hwelop into a straijiht line inclined 
at a eopHlM'int aimh^ to the ba.se of tlie eyllnder ; let 
this an^Ie be a and let the diameter of the eyliiider 
be (L 

The dlstanee, measnrcul parahel iiO the axis of 
rotation, throu^di which tiie rotatiiiK lino move.s 
(lurlnjJt one <^oml»let(' rotation, is known a.s the pir.eh 
of tlio ludix or scrc'W ; if v be tlie i)it(‘h then (dearly 
from a consid (‘ration of the develop((d (ylinder we 
have tan a. d’he ratio of /) to d wlihdi is (uiual 

to TT tan a is known as the pitch ratio or pihdi 
diameter ratio of tiio helix. 


naado to move through the water so Uiat its 
advance for oaidt comploto rotation is cMjual 
to its ovory iioint on its suidaoo will 

move jiarallcl to the surfae.o. At no point 
will any blade have a coiniioneut of velocity 
normal to its surface, and the propeller will 
exert no thrust on tlu'i watcir. We might 
define the ])itch of the facio as the advance peu- 
comxfloto rotation at which the blade (^xc'rts 
no thrust. 

In xiractico, oven if the face of the blade 
bo of constant xdteli, tlu'i hack and edges of 
the xiropeller will have some olTeet on the 
water, but in all cases a speed of advance 
can bo found for wliidi the thrust vanishes. 

The effective mean pitch of a ppt>jH'dor is 
tho distance through which the^ propeller 
advances in one comploto rotation when 
producing no thi'ust. 

Tho piteJi ratio or pitch diaineler ratio is 
tho ratio of tho ])itch to the (liauui>er of i\w 
propeller ; if offectivo mean ])il'(ii bo used in 
tho numerator of tho ratio, it hecoiiu'is ifu'i 
effective pitch ratio, 

adlip and idlip Jiaiio.—H P he the pit(ffi oC 
tho propeller as just delincd, and N tho numbeu* 
of revolutions por second, then l*N will In^ 
tho distance traversed pt^^* Bocorid when xiro- 
ducing no thrust; now V is ihe distancu'i 
actually traversed, and it is found both by 
observation and experiment that the Ibrusti 
depends on PN^-V. lids tiuaiitity is known 
as tho slip, and il.s rat io to VN or th(^ (Pxpre^Hsion 
l-V/l?N is called the slip raiiio and denoted 
by 

' Tho developed area is the sum of tihe 
actual areas of the bbuks irrcHp(‘c‘.i:ive of 
shape. 

JJmo area ratio is the rat'io of tJie devdoped 
area to tho area swept out by tlio tifis of tlio 
blades. 

Blade-width ratio is the ratio of tlu^ maxi- 
mum width of blade along its surface, to t/lu'i 
radius of x>rox>cllor. 

Bake , — A blade is said to bo rakc^d forward 
or aft according as the ctuitr(‘ line of tlu'i blade 
at tho tip is forward or aft of the (uudire line 
at the root. 

bark is the displaceuuuit of the (uuitro 
lino of a lilado from (Jio uormuil l.o the axis 
when viewed from all. It usually incr('as(‘S 
towards the tip, and is numsuriul by the 
movcMiient of the tip, circuniforontiaby from 
the normal. 

When a ship is propelled by a H(U’cw tho 
velotuty and pn^ssure chuiiiges wbicfi the sc.nnv 
produces in tlu'i water in front of itst^lf, afl'(‘ctiH 
tho ship roHistaiuie. Also ilie foi’ward motion 
Xiroduced in tlie water by tho passage of the 
ship, gives rise to a following (uirnuit of water 
called the ship’s “ wake,” in which the pro- 
pellers have to work, ''riic ludi efficiency <>f 
a screw as a proxielling agent will therefore 
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flepond xx])()ji tlioso cilcctH of screw upon ship, 
iuid ship on screw. Let 

V 1)0 the speed of the ski]) in knots, 

JNT the revolutions of the screw, 

T the thrust of the screw behind the ship, 
which e(j[uals the resistance of the sliip 
with screw working, 

R the resistance of the sliip with no screw, 
S the shaft li.p. delivered to the screw. 

ijOt the screw bo sot working without tlie 
sliip being present, the same revolutions being 
maintained, witli the s])ced of advance adjusted 
to HO that the thrust is still T, but the 
shaft h.p. absorbed by it is now Bp If tiic 
conditions Ixdiind the shi]) were uniform over 
tlio whole disc area of the screw, this sjieed, 
would be oqxial to the moan speed of the 
})ropeller through the water in the wake of 
the ship, and generally this is aBsuincd to ho 
tho case. The oBiciency of the 

screw behind tho ship can now he w'dtten 



'The last term is the screw elheiency in tho 
open water, ''rhe otlu'r tliree terms express tho 
oITe(3t of tho ship and Hebrew ujion each other. 

Writing RIT--{\ ■ t), t is a ineasuro of the 
fractional excess of the screw tlu’ust over tho 
tow-rope resistauee at tho same speed, V, 
aiul is called the “ thrust deduction fraction.” 

Writing V/Vj^ — (I T w’)’ measure of 

die fractional excess of the shi}) siieed over 
tho velocity, which re[)r(‘Hciits the mean 
spx'od of tho water at tho screw, and is called 
iiie wake fraction.” 

dBio term is known as the “ relative 
rotatiivo enieioncy,” and is a ineasuro of tho 
relative [xiwers nujuin'd for the devolojiment 
of a given fihnist at< given revolutions in of)cn 
undisturbed water and behind the ship. 

'iPhe proimlsive odicieney can therefore bo 
writtcMi 

Hcri'w elheii'Mcy \ / relative \ 

for undisturbed j(l ■•(){[ loo)! rotative j. 

^ water eouditionHy Vp^flieienoy/ 

dhie firoduct (1- /-) (l-i-w) is called tho 
hull edieiency,” sinee it rejin'sents tho ratio 
of ItV, the tow-rope h.p. of the shix), to TVj, 
tho thrust h.p. of the screw, when devoloj)ing 
in ojicri water at the correet revolutions, tho 
thrust lUHiesHary for tlie projiulsion of tho shi}). 

dMie lu^t |)ropulHive edieiency of th(? ship 
will be tihat of tho screw, multiplied by tho 
mechanical edichuicy of the engine and tlio 
ti’ansmission gear between it and the sc-rew. 

§ (42) SoRMW ProiM'U.i-khh tn Ockn' Watioh. 

‘ ■dhie general eonclnsions to ho drawn from 
both theory and experiment arc : 

(i.) That the thrust of a given screw at a 
given sli}) varies as th(‘ sipiare of the sjieed 
of advance through the water, and at a given 


AND PROPULSION 

speed and slip ratio will vary as the square 
of the diameter, D. 

(ii.) The thrust and efficiency of any given 
screw will depend ux^on the slip ratio (s) 
corresx^onding to its revolutions and speed of 
advance at any given moment. Of the experi- 
ment results puhhshed, Froude’s,^ Taylor’s,^ 
Durand’s,^ and Geber’s^ are the most im- 
X)ortant. To a large extent they cover the 
same ground and generally corroborate each 
other in defining the effect of x)itch, width of 
blade, etc,, upon the result obtained. For all 
practical x^urposes Froude’s data may be used, 
and his method of presenting I'esults has been 
followed. It should be noted that whereas both 
Taylor and Geber use the face pitch of the 
screw in defining slip and true pitch, Fronde 
uses a X)itch calculated from the revolutions and 
sx)ccd of advance, so that slip shall be zero 
when thrust is zero. This is more in accord 
with sound thcoiy, but the pitches obtained in 
this way require to be inullixfiied by a factor 
to get the face xhtch of the ship’s screw. 
Froudo gives tho face pitch as 1/1-02 times the 
nominal xhtch for f)rdinary screws, but it has 
been found that for small xfiff’L ratios and 
large disc area ratios 1/1-04 gives better agreo- 
mont between estimate and ship-trial result. 

Froudo’a exxoeriments were made with 
screws of uniform pitch, having a diameter 
of -8 foot, mounted on the fore end of a 
horizontal driving shaft clear of all obstruc- 
tions, the centre of tho screw being immersed 
•8 of its diameter. All the screws were given 
a small boss -91 inch in diameter. The thick- 
ness of each blade vaiicd from a quite small 
amount at tho tij) to *27 inch at tho root 
whore it joined tho boss. Tho thickest section 
was always at tho centre of the blade, and at 
right angles to tho axis of tho sci*ow. Pro- 
•|)ollors with tliree and four blades were tried. 
Tho outlines of tho blades were generally 
ellipses, but for some of tho three-bladed pro- 
j)ollorB tho tips were made specially wide. Tho 
width of blade was varied so as to cover a disc 
area ratio (§ (41)) from -8 to -75, and the })itcli 
ratios covered a range from -8 to 1-4. Tho 
thrusts o I )tained were oxx)resscd in a formula : 

l-02,s*(l--()8^) 

'p (l~s)^ ’ 

where T is tho thrust in lbs., 

V is tho s})cefl of advance in units of 100 
ft. per min., 

P is tho elTeetivo or analysis pitch, 
p is the eireetive or analysis j)iteh ratio, 
which is equal to P/R* 

B is a blade factor depending upon tlic 
numher and typo of blades, and 
tlie disc area ratio, 

.<? is tho slip ratio. 

^ Inst. N(mtl ArchitevtH Trans. 1. 

* A m. fifor,. N ural A rchit.ccts a n d lar. Knu. 'J^runs. xii. 

** litwarchcs on the Screw Propeller. 

* SchifSlMn-UeseUsiduiJt J ahrhuQh^ iOlO. 
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This formula is based in part upon theoretical 
considerations. If it be assumed that T for 
unit diameter varies as the slip and as the 
square of the speed of rotation of the pro- 
peller, then 


The area, and for given revolutions the 
velocity of the blades, both vary as the scpiaro 
of the diameter, hence 




D'-V-^ 


a s 
(l-sf 


Analysis of the experiments showed that a 
varied as p(p + 21), and with constant pitch 
ratio a small correction for slip was required. 
B denotes the thrust capacity of the propeller 
as dependent on type, i.e. number, area, and 
shape of blades. 

The efficiencies for screws having throe 
elliptical blades and a disc area ratio of ‘4-5 
are given in Fig, 9, each curve b(4ng for a 
particular pitch ratio. All the curves possess 
the same general characteristics. The maxi- 
mum efficiency is reached between 20 and 25 
per cent slip, and falls ofE slowly at higher 
slips. High pitch ratios give best efficiency 
at normal slip ratios, but their advantage 


surface of both the former gives a higher 
thrust value B, and in soino (tases this can 
bo utilised to iin])rovo the cniciionciy, a.K, all 
other conditions being the same, a smalh'r slip 
is required for a given thrust, and for slips 
above about 24 per cent this .nuuuis 
efficiency. In practice, thercvfore, there is v(U’y 
little difference to bo ohtaiiu'd on this h(u)I’(‘. 

To facilitate tlie use of the data for ship 
(ailculation, the results are better expn^ssed in 
terms of horse-power, ete. 


If H = tho thrust horse-power of the scrinv, 
i.e. the power it delivers in thrust, 
N= revolutions in units of lOO pen* 
minute, 

VjL “Speed of serew through wake water 
in knots, 

T H 

!()()( i-oTiiF 




and since 
N"-H 


NpD L013 „ 




Thrust Factor B 



decreases as slip increases and is gone at 40 
per cent slip. For any other disc area ratio, 
a small corrccti(m is required, the efficiencies 
decreasing as blade area increases. For 
wide-tipped blades a constant deduction of 
•024 is to be made, and for four-bladed screws 
a deduction of -0125 in addition to the above 
disc area ratio correction. 

Although a four-bladod, or throo-bladod 
wido-tippod propeller, working at the same 
slij) as a throe-bladed elliptical propeller, has 
slightly smaller efficiency, the more effective 


Both X anrl Z are fuuctioas of slip, and a curve 
of 2 to a base of X is given in Fig. 0. ^I’lie 
term Vi is given by V/( l -|- ye), wlnn'-o V is tlu^ 
shii)’8 speed (see Table IJ. for w valiKis), and 
in estimating ship powers ,H is usually taktui 
some 7 i)or cent more than tlio tow ro[)e 
power, to allow for air n^sistaneo of upi)er 
workH, rudder resistance, et(!. 

It should bo understood that i.liciso rc^sults 
are for screws having clean smootli surfaces ; 
the oUect of a rough surface is (hudt with 
in § (46). 
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§ (43) Vajuatjo^^s of Propicllbr Blades. 
(i.) Hake and Back . — Model experiments 

show that raking the blades forward or aft 
up to 15° has no cfioct upon either efficiency 
or thrust in open water. But rake aft is of 
considerable advantage in both single and 
twin se.row ships, in keeping the blade tips 
away from the hull surface, whore, omng to 
the frictional drag, the feed of water to the 
bhuk^ tip is very ])oor. Skew back or bending 
tlie blades in a transverse plane carries no 
propulsive advantages, but where there is 
any eonsideraible amount of weed in the water, 
it. lu'lps tlie blades to clear thcmHolves. 

(ii.) T)i,sc Area Ratio. — Per all iwactical 
purposes Uu'i ('■llieienoy of a propeller is un- 
alteeUxl by its disc area ratio, })rovidod that 
it is loss than -5, i.c. provided that the total 
area of thc^ blades is loss than one-haU the area 
swej)t out by the tips. With large disc area 
ratios the eilicucmey droj)H, particularly with 
small pite.h ra-tios. Proudo found that this 
loss was prae.thudly independent of slip, and 
gave eoi'reeiion curves for Hovera-l ])iteh ratios, 
to be applied to the standard enieieney curves 
of AVf/. 9. ’’Idiis loss is e.liiefly duo to the 
r(‘due.tion of the ratio (blade width )/(gap be- 
t.W(am blad<\s) with increase of area. .It is well 
known from hwts with Hat hlad<vs in water and 
in air, that ineroaso in this ratio reduces the 
thrust pew unit area and the (dlioien^'y. The 
ratio can he written in the form nhK^irr sin a), 
wh(U’(^ b is the width of the blades at radius r, 
n is number of blades, and a is the pitch 
angU^. liuu'(Mise of n or 5, and decrease in a 
(or pitcih), will therefore have an adverse 
(dlee4;. 

The thrust of the sc.rew drops with area as 
shown by the B (uirvc of FUj. 9, hut the thrust 
f)(U‘ unit area. iiHu-oascs, as the disc area ratio 
d(‘.e.r(Mis(iH, Mxcc‘SHiv(4y wide blades do not 
inereast’i tlui i.hrust value of a H(!r('!W materially. 
This can b(^ imi)rove(l somewhat by moving 
tlio area out towards ilie tii)s of the blades, 
but Hue,h wid(^ blades are only used for 'the 
avoi(la.n<'(^ of <uivitation. 

(hi.) Variahlc Bitch Ratio. — Er()udo'’H results 
are for s(U'(WH of uniform pitch ratio. The 
geiKU'al ell’cHd/ of this factor can bo soon from 
a study of JHff. 0. It is not uncommon for the 
pitch of Hc.rcws to increase from the loading to 
tlie trailing eflgc^-— a change which produces 
slight hollow of tlio driving face. Thomy- 
orofb tested this on some model screws, and 
his results showed a slight improvement in 
olfi(den(iy. Taylor has tri(Kl the reverse, viz. 
a slight dcoreaso of pitcli at the loading edge. 
With a small f)itch ratio (-8) a little imxu’ovo- 
ment is clTccttHl at tnodorate slips, but, with 
a pit(4i, ratio of 1*2 on the face, there was a 
general loss of about 7 per cent at all high 
slips. Taylor’s oxporimentH with blades having 
rounded faces showed that to produce the 


same thrust as with flat faces, the revolutions 
had to be increased — ^in some cases 10 to 15 
per cent, but there is not sufficient data to 
clearly define the effect of gaining or decreas- 
ing pitch {i.e. hollow or rounded face) on thrust. 

§ (44) Roughness of Surface of Blades. 
— All the results given in § (42) are for screws 
with smooth surfaces. If these are made 
rough the efficiency drox)s. Thus, with a 
X^rox^eller of 6 feet diameter fitted to a pin- 
nace of 18*5 tons weight, giving the iHopellor 
a surface equivalent to that of coarse sand, 
involved an increase of 8 per cent in the 
revolutions for the same speed as before, and 
an increase of the power at all normal speeds 
from 12 to 20 per cent. With small pro- 
X)ellers^ 1*3 feet in diameter, the same kind 
of roughness reduced the maximum efficiency 
from 72 to 36 per cent. The relatively greater 
effect produced hero was duo to the size of 
the particles on the surface being much 
greater compared with the dimensions of the 
pr()])ellcr than in the former ease. The 
same small })ropcllor with a surface as ca.st 
showed 9 per cent less cllicicncy at small 
Blix)s and 4 ])cr ccir;t at high sli})s, than when 
polished. Allowing for increase in size, the 
lo.ss on a 10-ft. diameter projjoller with such 
a surface would bo of the order of 2 per cent. 

§ (45) Screw Proi’ellers behind Sim^s. — 
The i)r()pulsivo efficiency has boon shown to 
1)0 equal to the product of the screv' efficiency 
in the open water and three other terms, 
viz. (l 4 - 2 o) (1-0 (rotative efficioncy), which 
vary as the wake velocity and the interaction 
botwoen the screw and ship. It has boon 
found by many experiments that these terms 
are not md('i)endont of each other. If the 
wake fraction w is high, i is also usually high. 
Provided there is streaming water at the stern 
(or no actual break-down of the stream-lino 
flow), experience shows that these three terms 
together ax)proach unity. For twin - screw 
voHHols of moderate fineness, their total value 
is about -96 to -98 at lowsj)ccds, and for single- 
screw vessels the value rises to I’O and 
occasionally 1-06. With full sterns carrying 
any dead-water (t.c. eddy water at those i)arts 
whore, owing to the fulness, there is no steady 
flow), particularly with single-screw vessels, 
their total value falls off, owing to the jioor 
conditions under which the x)ropeller has to 
work. There is little data on this at i)i’eHont, 
but values down to -85 have been obtained in 
practice. 

But although those factors tend to cancel 
each other as regards total efficiency apart from 
the screw itself, a i)rox)or valuation of the wake 
fraction is nccosBary, as the velocity of the 
screw through the water, and therefore its 
slix) and offieiency, depend nxion it. 

Am. iSoc. Naval Architects and Mar. Rng. Trans. 
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Wake, is the water at the stern of a ship 
to which the latter has imparted forward 
motion. The absolute velocity of this water 
is called the “ wake velocity,” but it is usually 
only measured for that portion of the wake 
in which the propellers work. In the nomen- 
clature already used this velocity is ■{■w). 

This forward velocity is due to three causes, 
the relative effect of which varies in different 
types of ship : 

(i.) The frictional belt increases in thickness 
continuously towards the stern, and, where 
the lines are closing in around the stern, 
tends to intermingle Anth the surrounding 
water — an effect wliich increases with the 
fulness of the after-body. 


of the surface in a shi]> of 400 foot length, it is 
very high— in some cases as iniicli as oixo-half 
the ship’s velocity — and since th(^ action of tho 
screw is improved by working it in a stream of 
which the velocity is tho same at all parts, tho 
screws are so placed on a ship iliat the blades 
are well clear of tho hull. Ex])oi'ionco and 
experiment show that tho wako fraction is 
practically indopeiidont of tho form and fulness 
of tho fore part of a ship. Fulness of tlio after 
end increases tho wake of single-screw shi])s, but 
in twin-scrow shi])a its effect is very small for 
good forms, pro vided that tho cioaranoo hotwo(m 
the blade tips and the hull remains about tbo 
same. Small clearance gives high wake fra,(s 
tions, but somewhat lower hull oilicieney. 


Table TI 


Ship Wake and Hull EFFiaiENoy Values 


Ship. 

Length. 

Poet. 

Breadth. 

Feet. 

Draft. 

Feet. 

Dlaidaceiuont. 

Toiis. 

rriHUiatlo. 

Coeffloieiit. 

Spocil. 

KllOtH. 

Wako. 

Fraotltm. 

Hull. 

MHu’iem'y. 




Single-Screw Ships 





Flavio Oioja 

247 

41-6 

16 

2600 

•G2 

16 

•24 

— 

Vessel . . 

400 

GO 

18 

7450 

•G2 

— 

•22 

1-02 

Vessel X 

400 

58-0 

21-5 

13G00 

•G8 

14-5 

•24 

•07 

Vessel L 

400 

58-8 

17 -0 

7720 

•08 


•32 

L08 

Monarch 

330 

57-5 

23-7 

8100 

•73 

15 

•37 

DO 

Vessel M 

400 

53-3 

24 

10528 

•73 

10 

•37 

l-OO 

Vessel M2 . . 

400 

57-3 

2G 

13140 

•70 

10 

•45 

L07 




Twin-Screw Ships 





Iris . . . . 1 

300 1 

46 

18-1 

3290 

1 -55 

16 -5 

•06 

•ot; 

Cruiser I. . . 

400 

7L2 

2G-2 

11080 

1 -57 

20 

•10 

•08 

T.B. Destroyer . 

400 

39-5 

10'3 

2050 

•59 

40 

~ -006 

•07 

Cruiser 2 

400 

52-5 

22 

6500 

•57 

— 

•07 

•07 

Liner A . . . 

400 

52 

18-5 

6500 

•03 

— 

•00 

•08 

Italia . . . 

400 

72*8 

28-3 

13860 

•65 

14-5 

•14 

M) 

Liner B . 

400 

50 

10'5 

7200 

•67 

— 

•15 

•05 

Majestic. 

390 

75 

27-5 

14850 

•69 

17 

•16 

•04- 

Liner C . 

400 

54 

19-3 

8400 

•73 

15 

•20 

•01) 


(u.) When the stem is too full and rounded 
for proper stream -line flow, eddies form and 
constitute a mass of water called “dead-water,” 
which is dragged along at the same velocity 
as the ship. This occurs at tho surface level 
lines of all ocean cargo boats. 

(iii.) If the ship is moving fast enough to 
form marked waves, tho orbital velocity of 
the particles forming the waves will add to 
tho forward movement of the Avater where a 
wave crest is formed, and tend to cancel it 
where there is a AA^avo hollow. In torpedo- 
boat destroyers this effect is very marked at 
all high speeds when tho stern is riding in a 
marked wave hollo av, and is suhiciontly great 
in some cases to more than cancel any forward 
wake due to friction (see Table II.). 

The intensity of the wako velocity varies 
at different ])()iniR, (k^creasing both towards 
the keel and outwards from the middle line. 
Quito close to tho form, i.e. within 2 or 3 feet 


Since tho i)asBago of a ship through tlu^ 
Avator inevitably sets up a forward moving 
Avake, and it is opually inevitable that for the 
production of thrust tho soroAV must sot up 
a rearward moving column, in so far as tlu^so 
two can bo made to cancel one another, 
there Avill bo less velocity in tlu^ wafer Idt 
behind by the ship, and the emu'gy r<Mpnr(Ml 
for x)ropnIsion Avill be deoroased. By placing 
tho propeller well aft this is partiaJly aeliiiwetl, 
and tho energy thus saved is sonudirnes called 
the wake again. This const itutios a distimd/ 
advantage of screws ])laee(I at the st(u*n, and 
gives a single screw a sliglit advantage <)V(U' 
any other, f)rovided that no portion of tJu^ 
screw is required to work with wat(U‘ in violent' 
eddy formation ; the extent of this advantage 
is shoAvn by th(i hull (dli(iieu('.i<‘H of ^’abU'i IT, 

§ (46) (lAVTTATioN.-“-f4iiH IS tlio name given 
to the formation of eaviti('s in the water on 
tho blade surface of a screw propel l(U’— usually 
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noar liH loadiii^^ ccl^o. Jt was first noticod 
ill 1894, oil the f/rials of tho Daring. The 
formation of siuih cavities shows itself by 
absence of ])ro})or increase in thrust w-itli 
iiKU’oaso in revolutions of tho i)ropeller shaft. 
When it is i)resont it is believed that coreloss 
vortices ai*o continually formed, close up, and 
collapse on the surface, and the concentration 
of the energy of collaiwo on a small portion 
of f/he surface i)roduces a haunnerin^ action 
whi(9i erodes the blade and sets up vibration 
in the propeller. 

(lavita,tion may be produced by several 
dilTei’cnt causess, A prop(‘ller produces its 
(ihrust partially by incr(‘.ased pressure on its 
r(^ar face, and ])artly by suction on the leading 
fav.e. VVluui i.he suction at any point has 
reuicluMl the sthl water pressure, increase of 
sp(H‘d of rotation (iannot produce more suction, 
and the water supply to the screw will there- 
fore nunain tho same although tho revolutions 
hav(^ be(ui increased, and will not bo ecpial to 
tho demands of tho sc.row. This results in a 
hrevdv up of the How, and the momentary 
formation of cavit-ic^s. This break up will 
iii’st show itself wlnu'c tin*! suction and thrust 
ar(^ greatest, which occ.urs at about one-seventh 
of tlu^ radius from the blade tips, towards the 
leuidiug (Mlge. The suethm is always on the 
back of the blade, but if this is very full near 
the leading edge, it tends to ])roduco at small 
slips Huetiou on the driving face close up to 
this edg(^ The avoidance of cavitation 
thci^dot^^ requires that good auction must bo 
obtaiiu^l without any higli local value. For 
this the leading edge must bo sharp, the 
back have no sudden change of shajm, and 
the e.ontour of the blade tij)H must bo well 
roumhul. 

If th(^ propelhu’ does not rotate uniformly, 
tlu^ maixinuim thrust (on which cavitation 
d<q)(mds) (^xcihhIs tho nuMin (on which i>ro- 
pulsion dep(mds) by an atnount doimnding 
on the variatiioii in rate of rotation during a 
revolution. With turbine drive tho rate of 
nwolutlon is fairly constant, but with recipro- 
cating engines^ tlu' departure from moan rate 
varices from some 4-() per cent with a four- 
crank balanced engine in a high-speed 
passengcu' ship to 12 per cent with a two- 
e.rank ciom pound engine in a cargo boat. 4dm 
limiting thrust at any i)oint, above which 
cavitation will occur, will diminisli in Hymx)aihy 
with HU(5li variation in tho rate of rovolutum. 

A third cause of cavitation is tho ditloronco 
in the water stipply to tho tips of tho blades 
when these are close to tho hull surface. In 
t;his region tho water is Ixnng drawn forward 
with the ship, and the sli]) angle of the screw 
blade is tbcr(d)y greatly increased, and tho 
thrust Ixuiouu^H corrospoTulingly great. The 
higher tlio tip vc^locity, tho greater sbotild 
^ Imt. JSfaval Architacts Trans, xlvii. 
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bo tho clearance between the hull and the 
screw tip. Cavitation due to this cause 
usually produces emphatic local vibration of 
tho hull })lating in the immediate neighbour- 
hood of the screw tip. 

Tho maximum pressure per square inch of 
the blade surface wliicli a propeller can exert 
will depend nixm many practical details. 
The maximum suction at any point which 
can be prtahiccd is that equivalent to the 
atmospheric pressure (14-G lbs. ])er sq. in.) 
])his tho depth of water. But taken over the 
whole blade surface the pressure will bo 
considerably lower than this, as tho actual 
thrust is always much greater towards tho 
tip than at the root. With deep immersion, 
dirc(‘.tly driven turbine screws having good 
cleai'ance from the hull, on a fine lined ship, 
have given ])rcssurcs up to 13-5 lbs. per sq. in. 

< tf blade surface. On tho other hand, Barnaby ^ 
gives pressures of only 8 to 9 lbs. per sq. in. 
for pro])ellors driven by four-cycle internal com- 
bustion engines, in which tho turning moment 
varies considerably during a revolution. 

§ (47) MuLTmui} Screws. — When a ship 
is pro})ellcd by a number of screws, each on a 
separate shaft, each may ho considered by 
ilscHf, and its thrust and elhciency bo obtained 
as already detailed. Tho screw discs, when 
j)rojectcd on a transverse piano, should if 
})()ssiblo clear each other, as tho race column 
of tho forward one does not have a good 
clfoct on tho after one. Luke’s ® experiments 
show that for a reasonably lino vessel, liaving 
a block coolhcient of -0, the after screws have 
no ofToct on tho forward onos, but tho forward 
screws docroaso tho wake fraction of the after 
onos (in this particular case from -2 to T4) 
so that thoir hull olficioncy was 5-5 per cent 
less than it was with no forward screws, 
(loncrally it can be said that tho host result 
is obtained with the smallest number of screws 
consistent with tho development of tho re- 
quired thrust for propulsion at a roasonablo 
slip ratio. 

(i.) Tandem Screws. — These consist of two 
screws placed on tho same shaft, necessarily 
turning in tho same direclion with the same 
revolutions. They are ineflieient in working, 
and tho thrust dovoloped by them is littlo 
more than that dcvolopod with a single screw 
of tho same diameter. This result aj)i)cars 
from Jjuke’s ami Durand’s oxi)orimont8 to ho 
' inde])ondont, broadly speaking, of the re]ativ<5 
pitches of tho forward and after screws. A 
fast passenger steamer, tho Kuig Ddward, 
originally fitted with live screws, two each 
on two wing shafts and one at tho middle line, 
did hotter when tho outer onos wore removed 
and only one screw working at lower revolutions 
was fitted on each shaft. 

“ Marine VroTtellcrs (1920'). 

^ Xnst. Naval Arc/iitects Tram. Ivi. 
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(ii.) Contrary Turning Screws . — In small 
ships, two propellers can he placed on the 
same shaft line and bo turned in opposite 
directions. Rota has tried this on a pinnace 
and in models, and the results give a reputed 
gain of 20 to 25 per cent in efficiency. Such 
prox^ellers are used for the propulsion of 
torpedoes, the diameter of the after one 
being reduced so that the opposed torques 
on their shafts shall balance each other, and 
a good efficiency is obtained. 

Luke ^ has tested the efficiency of such a 
combination in open water. His screws were 
all three-bladed, 6 in. in diameter, placed 
close together, the leading one being of 1*2 
pitch ratio. The best efficiency was obtained 
with an after screw of 1-6 pitch ratio, and 
was -86 that of a single screw'. The thrust 
was roughly twice the thrust of a single screw 
of the same diameter. When placed behind 
a model, the contrary turning screws showed 
a larger wake and a consequently greater hull 
efficiency, representing a total improvement 
of 15 per cent on a full model, and just suffi- 
cient to cancel its lower “ open ” efficiency on 
a fine one — comparisons being made with 
twin screws in each case. This arrangement 
has not been tried on any large ship, and since 
it is not clear to w’hat extent the rotative 
efficiency of the screws were affected behind 
the ship, the total effect may be less advantage- 
ous than the above result suggests. 

§ (48) Propellers with Guide Blades. — 
The action in contrary turning screws is some- 
what allied to that between a screw propeller 
with fixed guide blades placed immediately 
at its rear so that the water in the race leaves 
the guide blades without whirl of any kind. 
This arrangement wns first tried by Thomy- 
croft in his “turbine” propeller. This con- 
sisted of a screw propeller worked inside a 
cylindrical casing, the blades being secured to 
a boss which increased in sectional area from 
the leading to the trailing edge of the screw, 
the section of the channel between the con- 
taining cylinder and the boss being pro- 
portioned to suit the acceleration of the water 
produced by the blades. The pitch of the 
blades increased towards the after edge, aft 
of which were numerous guide blades fixed 
to the containing cylinder and to the long 
tapering after part of the boss. The rotation 
of the water set up by the blades is converted 
into fore-and-aft motion by the guide blades, 
and utilised except for loss in friction of 
guides. Bamahy states that the thrust 
delivered by tlie blades amounts to about 
ono-third of the whole. W agnor ^ has adopted 
sijnilar guide blades, but without any contain- 
ing cylinder or tapered boss, and obtained an 
increase in propulsive efficiency of about 8 per 

^ Inst. Naml ArrhUrHs Trmis., Ivi. 

® Schiffhau-GesetlschnSt Jahrhmh, 1911. 


cent on a cargo vessel at 12-5 knots, and 11 per 
cent on a first-class torpedo boat at 32 knots, 

§ (49) Hydraulic or Jet Propeller.— In 
this propeller, water from tlu^ fore end or 
bottom of the ship is drawn into a centi’ifugal 
pump, and discharged througli jiipcs in a 
sternward direction. Compared with a scinnv 
propeller the quantity of waf,er acted on by 
the pump is necessarily small, unless ab- 
normally heavy niaciiinory is used, and to 
obtain the necessary reaction the velocity 
imparted to the water must, therefore, bo 
liigh, and this militates siU’iouHly against 
efficiency. In addition to this defect tbci'e is 
considorablo loss of energy duo to friction of 
the piping and its bonds, and Homo loss by 
shock at the water inlet nnless this is shapc'd 
as a scoop, so thai^ tho water retains ii/S velocity 
relative to tho shi]) on entering it. ^Pho 
efficiency of tho jot alone, with an efiicituit 
scoop at tho entrance, is apjiroximati^ly ‘7, 
and that of tho pump action is -5 to •(>, giving 
a total efliciency of *35 to 42 against ■(> to 
•75 in a screw pro])oUer. Its only spluwo of 
usefulness is in cases whore an external water 
propeller would bo dangerous, and a modern 
air propeller cannot bo used. 

§ (50) Paddle Wheels. — A paddle wbec^l 
consists of a wheel restating about a transviu’st^ 
horizontal axis, having ])acldlo blades (or 
“floats” as they are tormeil), also in trans- 
verse planes at its iioriphory. The w}i(‘(‘l is 
placed cither over the stern (wlum the v<W(‘l 
is called a atcm-whcolcr), or on ouch side at 
about the middle of tlio shi]), so that th<^ 
blades send a stream of water aft wlien the 
wheel is rotated. Tho wheel reqnirc^s tu be 
so arranged that at tho working s])eed of the 
ship, tho apparent sli]), measured at the out.cu’ • 
edge of the blades, shall bo of the ordcu* of 
20 to 25 per cent, and tho paddles shall bo 
just immersed, duo regard being ])aid to tho 
change of water level near tho wheels wlum 
under way. In small fast passenger vessi^ls, 
at service s])cod, tho water level usually dro[)s 
relative to tho ship at the wlicel ])()rtition. 

The maximum tlieoreticial efii(!i(uuiy is 
determined by the equations alroa.(ly given 
(§ (37)). To avoid loss by shook, the paddkvs 
of modern wheels are ])iv()ted on a ti’ansv(u*so 
axis at their centre, and roekcul about this 
axis by an cocontrie, so arranged that on 
ontoring and leaving the water the niotioTi of 
the blades relative to tho water shall bo 
parallel to their surface, but vvIumi in the 
water they shall face as near stiUTiward as 
possible. Tho breadth of a wheel varies from 
ono-third to one-half tho bnwltli of the ship, 
so that a largo quantity of water e.an bo dealt 
with, and <nily small velocities need bo im- 
parted to it, to ol)tain tho neeussary thrust. 
This propeller is only of use in vc^ssels of 
which tho draft is fairly constant. It is some- 
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iimcH proforrocl to HcrowB in nliallow water, as 
tlio banks and bottom are not eroded so much 
by its wash. 

§ (51) Oars. — Tlio action of an oar is very 
siitiihu' to that of a paddlo-wliool blade, and 
its onhuoiKty is dotormiued by the same factors, 
in a rowing oiglit the average s])Ood may bo 
taken as ton miles per hour, and the speed of 
8li[) of oar blade through the water as about 
5 ft. per second (corresponding to a pull on 
the end of the oar of about 50 lbs.). Neglect- 
ing all motion other than sternward in the 
sli|) stream, the ellicicncy of a Idado will be 
71- cent. TJie lakn'al and eddy motion 
H(d; up is eonsuh'rable, but even allowing for 
this, the bla(l(> enicieney is greater than that 
of a j(di propeller. 

ij (52) Sails. — The general in’inciples of 
propulsion by sails are the same for all Hhi])s, 
whether they have s(iuaro or fore-and-aft rig. 
The propulsive olTecd will depend upon the 
(5hango in momentum in a foro-and-aft direc- 
tion of the air imi)mging on the sails, which 
va ries with the H])ce(l am I direction of the wind 
r(^lativ(^ to the sails, and the inclination of the 
latt(M‘ to the desired course. When a sailing 
ship has attainted uniform speed under certain 
conditions of witid and sail area, its actual 
course will bo inelimnl at a stnall angle (known 
as the leeway angle) to her keel lino. This 
alight is generally small, seldom exceeding 
10", and its tangent gives the ratio of tho 
latc'raJ, to tbe ahead HfKa)d. Tho angle must 
b(^ so adjusted by the ruchhw or by shifting 
sail, until balance Ixdiweon air and water forces 
ims Ixani obtaiiuid. In reckoning wind pressure, 
due account itnist bo taken of the motion of 
tilu^ ship relative to the wind. If tho ship’s 
course? wluMi sailing on a wind is along the 
lim? AB, and its kced lino is AO, and YY is 
the position of the 
sails, l(?t WA bo tho 
wind force in mag- 
nitude and direction. 
M WWi i« tho imi- 
form speed of tho 
vessel, WjA is tho 
li'KL JO. true wind. Tho re- 

sultant force, AR, on 
any plain area such as YY, will act at a small 
angle? d aft of the? normal te) YY, varying 
from nil when running before tho wind with 
YY sepiare to Ad, to about 10° to 15° in 
sepiare lig anel somewhat l(?BS tlia.n this in 
yaedits, when sailing as close to tho wind as 
possible?. It shoulel be observed that to make 
lie?julway at all, tho angle b(?two(?n tho yards anel 
the? ce)urH(? must never be h?HS than this angle, 

'“I’he? sail fore?e?, Alt, tnust be balanced by 
the? WJit>(?r fe)re?(?s. Wh(?n a ship form is te)W(?d 
through tho wat(?r at small angl(?s e)f yaw, 
the? angle be?lwe(?n the tow line? and the keel 
inetroases very ra[)idly with yaw, attains a 


maximum of about 70° for ordinary shij)s 
at about 10° yaw, and remains there for a 
considerable further increase in leeway angle. 
The water force along tho keel lino of tho 
sliip does not vary much for small angles 
of yaw, but it grows rapidly with angles 
beyond 10°. Jfor this reason it is never 
cflicient to sail a ship at largo leeway angles. 
Since the angle between tho water force AR 
and tho ship’s course cannot exceed about 
70°, and taking tho angle d to bo 10° to 15° 
when close hauled to the wind, there is no 
inirpose served in bracing the piano of the sail 
nearer than 30° or 35° from the shix)’8 course, 
or with an angle of yaw of 10°, 20° to 25° to 
the keel lino. Tf it he assumed that the sails 
will “ draw ” with the yards braced to within 
15° of tho apparent wind, tho vessel can 
maintain a course not nearer than 45 to 50 
degrees to this wind. Tho above figures are 
apxmoximately correct for large square-rigged 
ships, and are independent of sx)ood ; fine- 
lined fore-and-aft-riggod vcs.scls, with largo 
central lins or dropped keels, wx)uld have 
larger a valui?s and sail somewhat closer to 
the wind. Tho closer the jdano of the sails 
is brought to tho k(?el line of tho shix?. for a 
given wind, tho greater is tlio angle W^AY 
between tho relative wund and tho sails. 
^.I’his increases tho magnitude of the force 
AR, and is an advantage so long as the 
increase in leeway angle resulting from tho 
greater lateral wind force docs not increase 
tho water resistance to ahead motion more 
than tho propulsive air force has increased 
from tho greater value of AR — a matter which 
depends uj)on tlic area of sails used and many 
other seamanshii) items. . a. s. b. 


Shoal - WATKii and Suit Rt^sTvStanod. See 
“ Ship Resistance? and Propulsion,” § (36). 
SiDMMN.s, Sir William, maker in 1871 of a 
prac'.tical form of x>yrometcr based on tho 
change of resistance of platinum with 
change of temperature. See “ Resistance 
Thermometers,” § (1). 

SiLtOA : 

Coefficient of Apparent Exjiansion of 
Mer(?iiry in, cletermin(?d by Harlow. Sec 
“Thermal Exi)anLHi(>n,” § (11) (ii.). 

Fused, used in tube form as ])rote(?tion for 
thermoelom(?nts uj) to 1000° 0. in an 
oxidising atmos])hoi-(? fre<? from alkalis. 
See “ Tlierm()cou})les,” § («!) (ii.). 
SlLKIATKS : 

“ Interval ” and Instantaneous Mean Atomit? 
Heats of, White’s tabulated values. Si?(? 
“Calorimetry, Method of Mixtures,” 
§ (10), Tables I., 31. 

S})ec?iiic Heats of, at Ifigh T(‘in])cratures. 
See “ Calorimetry, Method of Mixtures,” 
§ (10). 
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SlLVEE : 

Atomic Heat of, at low tomperaturos, 
Nernat’s values for, tabulated. See 
“ Calorimetry, Electrical Methods of,” 
§ (11), Table VI. 

Solid and Molten, Emissivity of, determined 
by optical pyrometer. See Pyrometry, 
Optical,” § (21). 

Specific Heat of, at various temperatures, 
tabulated, with the Atomic Heat. See 
“ Calorimetry, Electrical Methods of,” 
§ (10), Table V. 

Similitude, Application of Principle to 
Convection Currents. See “ Heat, Con- 
vection of,” § (2) (iii.) (iv.) and § (4) (iv.). 


SIMPLE HARMONIC MOTION 



Fig. 1, 


Tins may be dofinecl as the orthopjonal 
})rojection of uniform circular motion. Thus if 
a point Q (Fig. 1) be supposed to doseribe a 
circle with constant velocity, and if its position 
at each instant be projected orthogonally on a 
fixed diameter AOA^ the particular typo of 
rectilinear oscillation which the projection P 
executes between its extreme 
positions A, A' is called a 
“ simple harmonic,” or some- 
times merely a “ simple ” 
vibration. 

If w bo the angular velocity 
of Q, in the circle the inter- 
val between two successive 
transits of P in the same direction through 
any given position will be 27r/aj. This is 
called the. “period” of the vibration; its 
reciprocal £o/27r which gives the number of 
complete vibrations per unit time is called 
the “ frequentjy.” The distance (a say) of 
the extreme positions A, k! from the moan 
I)osition 0 is called the “ amplitude.” The 
angle AOQ is called the “ phase.” 

The velocity of Q is at right angles to OQ 
and equal to wm It is tliercfore reprosontod 

by the vector w . OV, where OV is the radius 
drawn 90° ahead of OQ. The component in 
— ^ 

A A' is rci)resentod by w . OH, which is there- 
fore the velocity ()f P. Again, the acceleration 

of Q is reprosontod by w® • QO, and the com- 

— ^ 

X)oncnt of this in AA' is w® . PO, which is 
accordingly the acceleration of P. 

It is this property, that the accoloration 
is directed always towards a fixed point, and 
is ]irox)orti()nal to the distance from that 


point, whi(‘]i gives sim])lo harmonic motion 
its special importance in Mechanics. A body, 
or (more gcncrall}^) any syst(un having one 
dogreo of freedom, which is diglitly dis])lac!cd 
from a position of stable equilibrium is urg;ed 
back towards tliis by a force ax)proximat<‘ly 


proportional to ike <lis[)laeeincnt. This is 
the case, for instance, vvnth a pendulum, or a 
galvanometer needle. K tlio body be left 
to itself its motion will (so far as the approxima- 
tion holds) 1)0 simple harmonic ; for wo can 
always construe, t a typo of simple harinonie: 
vibration which obeys the requinMl law of 
acceleration, and also satislies piescribcd initial 
conditions of displaeoment and velocity. 

If Q„ bo the initial })(vsiiion of Q, in Fig. 1, 
the angle AO(^)n is the initial phase. Denoting 
this by e, wo have AOQ-wLl-r. Hence if ai 
denotes the displacement OP, wllh tlie usual 
couvontion as to sign, wo have 

OJrrf/ (!0H (toH-c). . . . (1) 

Tf wo represent this fimction graphically, with 
t as abscissa, and x as ordinate, wo got a eurwe 
of .sines, as in Fig. 2. 

For tills reason simple liannonic vibrations 
are sometimes 

described as ^ /\ 

“ sinusoidal.” / \ / \ 

The preced- q ^ T T T 1} 

ing statement \ / \ / 

is equivalent to v/ \/ 

this, that (1) XfiG. 2. 

constitutes the 

gmeml solution of the typical ecpiation of tlu' 
small motion of a body about a {)()sition of 
stable oquililirium, viz. 

... ( 2 ) 

provided the value of w he suiiably ehosen. 
We find, in facitr, on substifiution, that (2) is 
sati.slied provided :K/M, and situte the 

oonstants a and f are at our disposal they 
can bo adjusted so as to fulfil pi’osciMbed 
initial conditions of displacement (x) and 
velocity (dx/dt). A form of solution which 
is equivalent to (1) is 

A cos wip B sin 0)^, . . (3) 

the arbitrary constants being now A and B. 
Since the values of lg and dx/dt nnuii* whenever 
cot i ncrease s by 27r, the period is 27r/w, or 
27rs/(M/K). It is to be noted that this 
depends only on the nature of tJie (lymunieufl 
system considered, and is independent of the 
initial conditions, and t/her(‘fore of the 
anqilitude. ^riie oscillations arc a,cc-or(lingly 
said to be “ isocbrorious ” ; but it must be 
romomborod that the cciuatioii (2) is usually 
obtained as an approximation, in VN'hich 
powers of x higltor than the first are neglec-ttal, 
and that it therefore eoascs to be pracdl- 
eally valid when the amplitude oxc-chuIh a cc^r- 
tain lunit. The structure of tlie formula 
27r\/(M/k) for the i)eriod should bn noticuvl 
on account of its wide applications and still 
wider analogies. '‘Phe x)ori()d varies as the 
square root of the ratio of two quantitic's, 
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one of wliich (M) roproHcnts tho inertia, and 
the other (K) the olaaticity or “siting” 
of the ayatoiu. For instance, in the case of 
a body vibrating under tho torsion of a sus- 
pending wire, M is tho moment of inertia of 
the body, and K tho torsional rigidity of tho 
wire. 

In all ])raclical cases vibrations are affected 
more or loss by friction. This may bo allowed 
for in many cases hy intrf)ducing into the 


equation a retarding force proportional to 
velocity, thus 

tho 


.//.-a; T. 

M --Ka;-R77. 

di- at 

(+) 

Writing 

M“"’ ■ ■ • 

(•'■>) 

wo obtain 

dhr, , , 0 A 

(0) 


which is tlio typical equation of “ damped ” 
osoillatioiiH. This is satisfied by :c=Ae^^ 
|)n,)vide(l 

... (7) 

When the friction is sulUeieutly small, more 
proeisoly when /c<io, wo have 



—AvI vw'. 

• (8) 

wluu'o 


• (9) 

Hence 


• (10) 

or, in real form, 



a; (\ “ kt(l^ wH-hO sin oi't). 

• (11) 


'111 is may bo describod as a siinxilo harmonic 
vibration whoso amplitude diminishes ex- 
X)on<mUally a(u?ording to the law Tho 

ratio of one elongation to tho next (on tho 
opposite side) is ; tlic logarithm of this 

to base U), viz. tt/’/w' x log,i, c, is called tho 
“ logaritlunic! decrement.” The formula (0) 
shows that tho period is lengthonod 

by tile friidion, but if tho ratio k/oo is small 
tho offeid'i is only of t lie second order and may 
often ho lU'glootod. 

Whou k -w tho roots of tho auxiliary 
o(piation (7) aro real and negative. Denoting 
thorn by - a, - fi, wo have 

+ . . ( 12 ) 

There is now no true oscillation > tho body 
[lasses once (at most) through its moan [losition, 
towards which it linally creeps asymxitotically. 
This typo of motion is dcseribed as “ aperi- 
odic,” or “ clead-hoat.” In tho intormodiate 
case where /c “w the solution is 

a;. .(A i-UOfl'’*'', • • (13) 

aiifl the same rcmai'ks a^iply. 

Wliou in addition to the restoring force 
roiiroHontod by - thon^ is an extraneous 


disturbing force whose accelerative effect is X 
wo have, if friction bo neglected, 

J^’+ca2a: = X. . . . (U) 

Tho most important case is where X is a 
simpilo-harmonic function of say 

X^fcospt. . . . (15) 

Tho solution then is 


a’ = 




cos y)^ 4- A cos ojt -P B sin o)t. 


(16) 


The first term represents the “ forced os- 
cillation ” due to tlio disturbing force ; it 
has the same period 27r/7> as the latter, 
and its phase is the same or the opxiosite, 
according as 'p%03, i.e. according as tho 
imxioscd period is longer or shorter than tho 
natural peiiod 27r/aj. The remaining terms 
represent a “ free ” vibration superposed on 
the former ; tho constants A, B depend as 
before on the initial conditions. The araxiH- 
tudo of tho forced oscillation becomes very 
great when tho forced and natural periods 
are nearly coincident. This is exemplified by 
tho phenomenon of “resonance” in Acoustics, 
but for a complete discussion it is necessary 
to take into consideration the effect of dissipa- 
tion forces. 

When friction is taken into account the 
equation to bo solved is 


dh-c do: 
^ iit 


-fa;2'c = X. 


(17) 


One method is to oxamino what extraneous 
force would bo required to maintain a 
proscribed oscillation 

X—OQOBpt. . . . (18) 

We find 

X=C{(w2-^2) COS 'pb -2kp sin pt} 

= GHco8(pi + a) (19) 

whore H and a have been chosen so as to 
make 

H cos a = H sin a “ 2kp, (20) 

Changing tho origin of t, it aj) pears that a 
disturbing force 

X-/ cos pi . . . (21) 

would give riso to tho forced oscillation 

. . ( 22 ) 

On this may be superposed a free oscillation 
of tho tyj)o (11) or (12) or (13) as tho case 
may bo. Tho free oscillation, however, and 
therefore the inlliicnco of tho initial conditions, 
gradually decays until tho forced oscillation is 
alone sensible, 

I An alternativo way of obtaining tho above 
I result is to put, in (17), and to 

3 H 


von. I 
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discard in the end the imaginary jmrt of the 
result. The solution then is 


j^ipt 





(23) 


the real part of 'which is as in (22). 

It appears from (22) and (20) that tlio 
phase of the dis})lacemeiit lags behind that of 
the force by an angle a dotcniiincd by 

tan a = . . . (24) 

This angle lies in the first or second quadrant 
according as If the ratio /j/w bo small 

the angle approximates as a rule to 0 or 180° 
respectively, which are the values when there 
is no friction, but if p is sufficiently nearly 
equal to to the angle approximates to 90° 
on one side or the other. Since 


the amplitude of the forced oscillation is 
greatest when p is in the ncighhourhood of w, 
provided kjta be small. In any case, the 
maximum amphtudois //2Aw', and is thoroforo 
greater the smaller the frictional coefficient 2/c, 
as was to be expected. A more important 
matter is the influence of the period on the 
absorption of energy. The rate at which 
the extraneous force does work is 




~ St. .[sin a — sin (2pt ~ a) }• , (20) 


-2H' 

the mean value of which is 


79^“ f2 

~ sin a or sin^ a. . . (27) 

2H 


This attains its maximum value .P/4^ when 
a =90°, or ^ = to exactly. It is to bo noticed 
that although the resonance is more intense 
the smaller the value of k it is concentrated 
on a narrower range of frequency. To show 
the effect of a slight deviation from the 
critical value of p, put 79/w = 1 where .■?: 
is small, and k[oo—(3. We find tan a~ -('ilz, 
or a — lTT + zj^, approximately, in circular 
measure. The formula (27) becomes 


P i8 

4u ■ /i“+z“' 


• (28) 


The graph of the second factor is shown in 
Fig, 3 for various values of {-i. Tlio principle 
hero established has inany applications in 
Acoustics, hor instance, tlio vibrations of a 
j)ian(9 wire arc only slowly given up to the 
air, and a close coincidence of pitch is 
therefore noctessary in order that it may 
respond audibly io a note sounded in its 
neighbourhood. On the other hand the 
column of air in an organ pi])c, whicii has little 


inertia and readily gives up its vibrations to 
tlio outer air, will rcs])ond with only a slight 



Fxa. 3. 


variation of intensity to a much wider range 

of frequencies. 

Skkw-back in a Sorkw BRoennniDR is 
defined as the disphujonumt of the (umtr(^ 
line of a blade from the normal to fiho axis 
when viewed from aft. 800 “ Ship Rosistiane.e 
and Propulsion,” § (41). 

Skin Friotion. See “ Ship Rosistanco and 
Propulsion,” § (0). 

SliBB - VALVE FOR StEAM BNCnNE. Soo 
“Steam Engine, Reciprocating,” § (2) (u.). 

Slipping of Belts — E lastic strc^cdiing of 
leather bolts ])assing over pulleys. See 
“ Friction,” § (3(>), 

Slipping hetwern Surfaces tn RonuNn 
Oontaot. Se(^ “ Friction,” § (37). 

Smith, A. W. ; moasunRmmt of latent heat 
of water. See “ Latent Ihvilf,” § (4). 

SoDiirivt, Si‘EorFi() Heat of, in the AnneaIjEO 
and Molten States, at various tempera- 
tures, tabulated, with the Atomiii Heat. 
Sec “ Calorimetry, Flectvioal M(4li()ds of,” 
§ (10), Table 

SOEID AnGIjE STniTENDEl) BV A SuHFAdE AT A 
Point. Desc.ribe a eom^ with its viTiex at 
the point by radii drawn from thc^ point to 
all points of the boundary of tlu^ surface, 
and let A bo tlu^ anvi of a Sfihere of radius R 
which is intor(^opt(Hl by this cone. ^Fheu tlu^ 
ratio A/It“ is known as <;he solid angle 
sul)tended at the point/ by the surCa<R^ ; it 
is clearly equal to the area ini/ercept(Rl by 
the (lone on a sphere of unit radius. 

Solid Piston Air-pumps. “Air-pumps,”' 

§ (XI)* 

Solid State, (hiANOE of Speoifki Volume in 
PAHS iNO TO. See “ Thermal Expansion,” 
§ Oil). 

Solids .* 

Methods of measuring IlKunnal ( londindiivity 
of. See “ Heat, Oonduc.tiou of,” §§ (3)-(fl). 
Specific Heat of, by EhRitrical Med-hods. 
See “ Clalorimotry* Eloctrical Methods 
of,” § (8). 
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kSoLUTIO^H, TuMRMODY’NAMJGS Ob’. Sco 
“ ThcnnodynamutH,” § (03). 

SotlND, VlQLOOlTY OF, USED TO DETERMINE 7. 
Soo “ TUormodyixamics,” § (58). Sco also 
Vol. IV. 

Sounding Arparatus. Ono typo consists of 
a c-oin pressed air gauge littod with a non- 
return valve. Tlio pressure attained is 
shown by the cjuantity of water which 
enters the tul)e. The second typo consists 
of a tube closed at ono end and coated 
inside witli a ebeinieal which will he coloured 
by tlu’i aedion ot' the sea wat.(‘.r. This is 
droppcvl in a sinker with the open end 
downwards, and again the ])rcssuro can he 
(ndc.ulatcul from the amount of water which 
has (uittn'cd, shown by tbo discoloration 
()roduc.ed. See Pi'essuro, Moasuroment 
of,” § (15). 

SouNDiNcj dhiiilo OF M. Beroet. See “ Press- 
uns Measunuuent of,” § (lb). 

Srwcufkj Heat: 

The ratio of tlu^ amount of heat recpiired to 
raise th(^ temp('ra.tur(^ of a substance one 
degrxH^ to that re<juir(Ml to raise the Umi- 
p(n‘aturo of an <M|ual mass of water one 
d(^gr<H' -usually from M‘^-5 C. to 15"-5 C. 
—is (ialhvl its sj)e(n(i(', heat. In somo cases 
the raug(^ 17^ C. to 18“ C. is selected. 
The condiiions under whi(!h the heating is 
to (xaiur may bti lirnitc'd in various ways, 
th(^ two most important being (a) constant 
volume and (/.>) constant ])ressure. Soo 
“ Thermodynamics,” § (13). See also 
“Spec.ili(‘, Heat of Saturated Vapour,” 

§ (53) ; Specilic Ih'at, Ratio of, in 
Gases,” § (58) ; “ Speeilio Heat, Various 
h]x|)r(‘Hsiotvs for,” § (48). 

Appli(‘-ati()n tio the Non-Metals of Dobyo’s 
and Kinsl.(un’s Rormulao for, deduced 
from the hhiantum Theory. See “ (lalori- 
nu'try, tlu‘ (^,uantum Theory,” § (4()). 
EorMUulaiO of Nc'pnst and Lindomann and of 
Debye, tesi/od by Nornst on the data for 
diamond, and results summansed in 
tabular form. See ibid. § (4b), Table XV. 
Tabidabul (lomparison of Experimental 
Vahu'S for, with Pormulao dcduccHl frotn 
the Quantum Theory. Soo ibid. § (45), 
4^U)Ie 1. 

SiU'XUFid Heats : 

Of Elemc^nts at about 50'* abs., measured 
by the litpdd hydrogen calorimeter and 
tabulated. S(h^ “ Didorimetric Metluxls 
baH(Hl on the Dhango of State,” § (8), 
doable V. 

Of (lasers, tabh‘s of. See “■ Ihiginos, Tlu'rmo- 
(lynamies of Internal Oom bastion,” S (70), 
O'ables VL-XI.a; “Specific lleat of 
at High 'T(Muperatur(‘-H.” 

At Low T(u)ip(U’atiur<‘H, Appliane.es for the 
JMcxiHureuK'nii of, by tlie Method of 


Mixtures. See “ Calorimetry, Method of 
Mixtures,” § (11). 

Variable. Sec “ Engines, Thermodyna- 
mics of Internal Combustion,” § (78) ; 

“ Specific Heat of Gases at High Tem- 
peratures.” 

Speoifio Weiuiit and Volume of Gases, 
table of. See “ Engines, Thermodynamics 
of Internal Combustion,” § (68), Table 1. 
Sprenuel Pump. See “ Air-pumps,” § (18). 
Spur Gear and Driving Chain Testing 
Maoiiine (National Physical Laboratory). 
See “Dynamometers,” § (b) (ii.). 

Spurge High-pressure Manometer. See 
“ Pressure, Measurement of,” § (12). 

Squirrel Cage Speed Indicator. See 
“ Meters,” § (9), Vol. III. 

States of Aggregation. See “ Thermo- 
dynamics,” § (28). 

Steam : 

Latent Heat of, Comparison of Data for, by 
Callendar. See “ Latent Heat,” § (5). 
Latent Pleat of, Formulae for Variation of, 
Yvith Temperature. See ibid. § (b). 

Speeilio Heat {)f, at atmo8i)heric pressure, 
investigated by Holborn and Henning. 
Sec “ Calorimetry, Method of Mixtures,” 

§ (17). 

Sj)eeilic Pleat of, determined by Brinkworth 
by the continuous flow electrical method 
at atmospheric pressure between 104° C. 
and 115“ C. See “ Calorimetry, Electrical 
Methods of,” § (14). 

Si)Ooilic Heat of, determined by Callendar’s 
continuous electrical method, the variation 
of the specific heat with iwossuro being 
found by subsidiary experiments, using 
the throttling calorimeter method, by 
Callendar and Professor Nicholson. See 
“ Calorimetry, Method of Mixtures,” § (17). 
Specific Pleat of, Rognault’s Value for. See 
ibid. § (17). 

Steam Charts and Tables. Soo “ Thermo- 
dynamics,” §§ (42) and (Gl). 

STEAM ENGINE, RECIPROCATING 

§ (1) Description. — The rceii)r'ocating steam 
ongino is so named because of the working 
substance used and the motion of ono of its 
fundamental parts. The cylinder, piston, and 
somo moans of controlling the working sub- 
stance aro essentials. The motion of the piston 
within the cylinder is ono of reciprocation, 
hence the term “ rcRupnxiatiug.” 4410 })ist<)n 
is a movable division plate constrained to move 
axially within the ])oro of the cylinder. The 
piston must ho of adequate strength to with- 
stand without apprccinl)lo deformation the 
stemn loads to whieli it is subjected, and its 
cireumferene.e must bo Hue.h a go<xl lit in the 
bon^ of the cylindei* that steam cannot readily 
{)aHS from the one to the other side of Hio 
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piston. Tlie friction between the piston and the 
cylinder must be a minimum. The limits of re- 
ciprocation of the piston are usually definitely 
defined, and the distance between the limits is 
called the “ stroke of the piston.” Difference 
in magnitude of the loads acting on the two 
sides of the piston causes motion of the piston. 

Difference of purpose in view has led to 
variation in detail and general appearance, 
and some unusual feature, or perhaps special 
service for which the engine is suited, has 
provided a class name for engines of similar 
outline or special service. A list of the 
classes to which engines are assigned in- 
cludes — marine, locomotive, stationary, port- 
able, vertical, horizontal, diagonal, oscillating, 
drop-valve, Corliss, winding, pumping, high- 
revolution. All, however, are alilco in one 
fundamental respect — all have a cylinder 
within w’hich a piston reciprocates, and all 
have some means of controlling the steam 
entering and leaving the engine cylinder. 

In this article a very commonplace simple 
engine is considered first, and afterwards 
various departures from this simple ■ engine, 
which have resulted in eatablisliing special 
classes of engines, are noted. 

Fig. 1 shows diagrammatically the cylinder 
and piston of a “ double-acting ” engine. In 
this figure the ends or “ covers ” of the cylinder 



are shown containing the necessary control 
valves for regulating the steam entering or 
leaving the cylinder. When the piston is 
moving towards the right the left steam valve 
8 is open, allowing live steam to flow into the 
gradually increasing space duo to the piston 
moving away from the left cylinder cover; 
and the right exhaust valve E is open to 
ali( 0 w the steam used during the previous 
stroke to escape (or exhaust) from the cylinder. 
'’Ihe return stroke of the i)iston is caused by 
closing those two valves and opening the 
alternative pair- of valves. The engine is 
called “double-acting” to difforentiato it 
from the “ single-acting ” engine in which but 
one stroke of each two strokes is a power 
stroke. The single-acting engine is rarely used, 
and then only for some very specialised duty. 
The d()ul)lo-acting engine 1ms the advantage in 
that each stroke is a power stroke, and, there- 
fore, for a given sizci anrl correspondingly 
almost ocpaal weight of engine, the double- 


acting engine hap an output approximately 
double that of the single-acting engine. 

Whilst the motion of the ])istou is one 
of rGci])rocation, the motion usually desired, 
for ease in transmission, is rotary. Heveral 
moehanisms have b(‘,en devised and used to 
transfoim froTii the t>ne in the other motion, 
and o\it of thcvso the (‘Tank and connecting-rod 
mechanism holds the premier position hccauso 
of its compactness, small number of wearing 
parts, and reliability. 

§ (2) SlMPLK DOITBLIC-AOTTXO EnOIMM. (L) 
DescHption. — In Fig. 2 is shown in sectional 
plan view and elevation a simple double-acting 
horizontal steam engine. One end of the 
“piston rod” H is attached to the “piston” 
P. The piston rod passes through a suitable 
steam-tight “ stuffing-box with gland ” M, and 
terminates in a “ cross-head ” A. A “ con- 
necting rod ” B couples tog(^ther the cross-head 
and the “ crank ” D of the “ crank shaft ” H. 
The cross-head end of the connecting rod inov('s 
in a straight lino ; the crank end of the rod 
moves in a circle. To allow for the resulting 
angular displacement of the connecting rocl, 
the connections at the cross-head and crank 
ends are not rigidly fixed as arc the connections 
between the piston, or crosa-hoad, and piston 
rod, but are pin connections. The pin (1 at 
the cross-head end is called the “gudgeon,” 
or “ cross-head ])in,” and that in tlio (irank 
the “ crank f)in ” Y. The crank sliaft is 
constraiiKul in its motion by “ enink- 
shaft bearings ” Q, integral wit/h the 
“engine frames” or “ b(Kl])lat(',” L. TIu^ 
bedplate is ane, bored to a suitable^ heavy 
foundation. At any instant tln^ load 
causing re(‘iprocation is transmitted along 
the })iHton rod and through tlie connoe-t- 
ing rod to the crank pin, and produces 
rotation of the crank shaft. Twi(‘.o in (m(‘-h 
revolution the piston rod, connoeting rod, and 
crank are in lino. The engine in such position 
is said to ho on the “dojul centre.” At all 
other times the lines of action of the forces 
along the piston rocl and connecting rod arc 
not coincident, and hence bending of both 
rods would occur if a support attaeliod to the 
(Toss-hoad were not provided, -fidie Huj)port 
consists of the “ shoos ” 8, scM'-un^l to and 
reciprocating with th(% cross-luvul whilst IxMiring 
against the “ guide surfaces.” 

Ah the ])iston rod, (umnocting rod, and crank 
arc in lino twice in (mch revolution of tlie 
crank shaft, the turning monumt twicer in c^ach 
revolution is corrc^spontlingly zero.' H a 
diagram bo drawn as in Fig. (a), th(^ base 
line represemting thci (urcuinfenmec^ of the 
circle described in onc^ rewolution by the (‘Tank 
pin and the ordinak^s refnusonting tlu^ r(\solv(xl 
values of the forces transmitted along the 
(M)nn('.(jting rod ac-ting normally to the crank 
I I.) and at the crank pin Y, it will bo noticed 
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11. r>iHtou,R()d. 
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(Ui. Cov('rnor. 
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JH fitted to tlio crank nbaft. The range of 
tlio oyolical variation in crank ofTort may 1)0 
couHulcrably roducckl, an at (6), by coniUmg 
tog(Rhcr tlic (U’ank sbaftB of two enginoB bo 
tiiat in end view tbo cranks arc 00° apart ; 
tho addition of a tliird ongino would further 
rcchuse the range, as at (c), ixrovided that the 
cranks in end view arc^ about 120° axxart. In 
(6) and (c) tbo heavy solid lino marks tbo 


in IHg. 1. Considorable modification in tbo 
design of tbo cylinder is necessary should 
tbo more common sliding valve be used. As 
commonly arranged, ono sliding valvo controls 
both tbo supply of stoam to and tbo removal 
of tbo steam from both ends of tbo cylinder 
of a double-acting engine. 

Tho simplest sliding valve, called tbo “ P) 
slide valvo ” bocauso of its rc^somblanco to the 
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letter D in its longitudinal section, consists in 


Fig. 3. 

its elementary form of an open-top metal box. 


to its “ spindle ” is by moans of nuts, so that 
a slight adjustment of tlio valve upon its 
spindle is an easy matter. The valve spindle 
passes through the end of the “ valve chest” 
VC as shorni in Fig. 2, a stulling-box and gland 
M being used to prevent the escape of steam 
from the valve chest to the atmosphere, and 
ends with a pin connection to whidi the 
“eccentric rod” T is attached. A “valve 
spindle guide” W is necessary to give support 
to the valve spindle because of the angular 
displacement of the eccentric rod relative to 
the valve spindle during each stroke of the 
piston. The valve spindle is enlarged wdicro 
the guide is provided, the enlargement ro- 
cix)rocating within the guide cecured to the 
engine frame. In comparison with the engine 
piston the amount of rcci])rocation of the slide 
valve is small, and the load taken by the valve 
spindle guide is not groat, 

A picton’al view of the slide valve, with 
a portion of its sjhndlc, raised bodily above 
the valve face of the cylinder U])on which 
it reciprocates, is showm in Fig. 5. One 
corner of the slide valve is broken to 
show the general distribution of metal in 
the valve. In the actual valve there is of 





course no such break. 
The valve is guided 
in its rc(!i])roc'ation 
bytho machined slid- 
ing surfaces A and B 
moving u))(m similar 
HurfaccH niatliinod in 
and forming ])art of 
the valve chest; 


Longitudinal Section. Fig. 4. 

If the open top of the metal box be placed 
on a suitable surface and the box be caused 
to reciprocate, the end walls of the box would 
cover and uncover suitable openings provided 
in the surface upon wliich reciprocation takes 
place. In Fig. 4 a common D slide valve is 
shown at the middle of its travel and in its 
relation to the cylinder passages. The live- 
steam space is outside the slide valve, and the 
exhaust space is within the slide valve. Even 
though relieving devices are used (there is no 
provision for such a device in Fig. 4) the load 
acting on the back of the valve and pressing 
the valve on to the cylinder face is consider- 
able. It is therefore desirable to make the 
area subject to steam load as small as possible 
and to have the amount of j’cciprocation a 
minimum. The length of the steam ports or 
passages cannot exceed the diameter of the 
cylinder, and the area of each of the ports 
must allow tho steam to pass through the 
port at a reasonable velocity. In Fig. 4 tho 
valve of tho simple engine of Fig. 2 is showm 
to a larger scale. 

Tho usual method of seeming the slide valve I 


Transverse Section. 


those are markcHl C 
and r> in Fig. 4. 


(iii. The Eccentric : — Tlic motion of the slido 




Fi(». 5. 

valve is ]>rovided hy a virtual crank and con- 
necting rod called an “eccentric slK^avc” and 
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“ Hiruij) jind rod” roHpocdivoly. The 

(HKu'ntr'ui ih a cnmk wherein the crank 

l)in in HidUeieiit/ly large to embrace the crank 
Hhaft, altliougli for manufacturing or other con- 
vonionoo it is nanally aeparate from tlie shaft. 
I n the three Mkeic-hes of Fig. 0 it will ho noticed 
that the same occontrieity lias been maintained, 
and tliat at (a) the strength of the shaft is much 
impaired by forming the valve crank, whilst 


Fxu. (5. 

at (r.) the full strength of the shaft is main- 
taiiuMl. prevent longitudinal motion of t.he 
eecHMitric strap, llanges or their equivalent are 
provided on the eccentric sheave. Fig. 7 
shows an eccentric slioavo with its strap and 
ec(‘nntri<! rod suitable for a high-])ower marine 
(mgiue. Hie (HU'-enl/ric sheave is driven by a 
lu^V litted partly into the crank shaft and 
partly into tlu^ sheav('!. Idle sheave is made 
of east iron and revolves within a white-metal 
btMvring secured to the eccentric strap. The 



mil<l-st(M^l (UHumiric rod is provided with 
broil Ix'arings for the pin connection. 

Whilst ih<^ throw of the eeoentrie must bo 
such as to give tlu'i necessary amount of re- 
eipnxiation to the slidi^ valve which it drives, 
the angular position of thi^ shciavi^ relative 
to the (MigiiH^ crank must he such that tln^ 
valv<^ fime.tions at the correct times. In 
most engines it is highly desirable to admit 
stiNun only during a portion of the stroke 
of the fiiston rather ifian during the whole 
of the six’okc^. ddiis can riMidily he eifeeted hy 
itumuising the thii^kness of the end walls of 
th(\ (demontary metal ho.K or slide valve, i.e. 
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hy atlding steam lap ” to the valve, and 
altering correspondingly the angular position 
of the eccentric sheave. The la]) of a valve 
is defined as the amount by whicli the edge 
of the valve overlaps the corresponding edge 
of the corresponding port when the valve 
is in its middle position with regard to its 
travel. Should the lap be over the steam edge 
of the port, L of Fig. 4, the lap is steam 
lap " ; should the lap bo over the ex- 
haust edge of the port, EL of Fig. 4, 
tlio lap is “ exhaust la]).” The steam 
laps at both ends of the valve arc 
not necessarily equal ; the exhaust 
lax)8 also are not necessarily equal, 
and sometimes one or both are nega- 
tive. 

(iv.) Cut-off . — The admission of steam 
during a portion of the stroke of the piston 
instead of during the complete stroke is knovm 
as “cutting off” the steam supply, and the iioint 
of the stroke at which the steam sup]ily actually 
ceases is called the “ point of cut-off.” It may 
bo of interest to note that if the cnt-ofC is at 
onc-half of the stroke and the engine is running 
at 3()(> revolutions per minute, the period 
daring which the steam may enter the engine 
cylinder is but ono-twentioth of a second. 
ElUling this short interval of time the slide 
valve from the closed ])osition opens the steam 
])Drt to the full and closes it again. 'Idirottling, 
and consequent reduction in ])res8ure of the 
steam entering the cylinder, occurs when the 
port has just been opened by the slide valve 
and also when the valve has almost closed 
the port. In the cycle of events the o])cning 
of the port to admit steam to the cylinder is 
termed “ admission ” ; the closing of the port 
is termed “eut-olf.” The opening of the jxirt 
to allow the used steam to leave tlio engine 
cylinder is termed “roloaso”; the closing of the 
liort against the ])assago of the exhaust steam is 
called “ comproBsion,” because a small amount 
of steam is trap])ed in the engine * cylinder 
between the moving piston and the fixed 
cylinder cover. The admission of steam when, 
say, al)out 00 to 9.5 ]ier cicnt of the previous 
stroke has been accomplished aids in liringing 
the moving ])arts of the engine to rest ready 
for the now stroke. The amount by winch the 
slide valve is open to steam when the })iston 
is at the oommonromont of a si-roko is called 
the “ load ” of the valve. The leads for botli 
ends of the valve are not necessarily (X]ual. 
In vertical engines the load for the stroke in 
which the reciprocating mass is lifted against 
gravity is usually greater than for the reverse 
stroke. The lead of a slide valve is do])endcnt 
upon the angular ]) 08 ition of the ecconti’ic 
sheave in relation to the engine crank. Load 
is necessary in order that admission may take 
])lace before the commoncomont of a new 
power stroke. 
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(v.) Cylinder . — The cylinder, including the 
valve chest \vith steam passages, and often one 
of the cylinder covers, forms one casting. A 
high-q[uality cast iron is used to withstand the 
wearing action of the reciprocating piston and 
valve. The piston packing usually consists of 
spring rings, i.e. rings turned a little larger than 
the cylinder bore and sufficiently cut out to 
allow the rings to close to a little less than the 
cylinder bore. The tendency to open out to 
their original diameter produces pressure on 
the bore of the cylinder and forms a moving 
steam-tight joint. To lubricate the piston a 
sight-feed displacement lubricator is provided 
to pass a small amount of mineral oil per 
revolution into the engine cylinder. Necessary 
bosses for drain and other connections, and 
flanges to which the steam and exhaust con- 
nections may be made, are integral with the 
cylinder casting. A steam stop valve ” must 
be provided adj oining the engine. If the steam 
be not superheated it is well to fit a “ separ- 
ator ” to the steam main close to the engine. 
The separator, either by setting the steam in 
rotation or by means of baffie plates, removes 
a large percentage of the entrained water due 
to condensation in the steam mains or to other 
causes. The drainage of the valve chest and 
the engine cylinder should be accomplished by 
leading pipes to a “ steam trap,” i.e. an 
automatic device which whilst allowing water 
to escape will not permit steam to pass. On 
small engines in particular the drainage pro- 
vision is frequently very crude and wasteful. 

Every precaution should be taken to prevent 
radiation loss by adequately covering with 
asbestos or other non-conducting material all 
parts subjected to high temperature. For 
appearance the non-conducting material used 
on engine cylinders is often covered with thin 
planished steel ; on steam and exhaust mains 
canvas is frequently used to give a substantial 
yet neat finish. The monetary loss duo to 
radiation from inadequately clothed hot sur- 
faces is considerable and continues so long as 
the plant is running. 

The steam load acting on the moving engine 
piston at any instant also acts upon the fixed 
cylinder cover. These two loads, being action 
and reaction, are of equal magnitude. If the 
cy Under be not integral vith the engine frame 
it is secured h 3 ^ bolts thereto. The frame also 
carries the guide surfaces for the cross-head shoe, 
and the crank-shaft bearings. Considerable 
stiffness of the frame is necessary to contend 
wnth the rapidly altering loads. Even at the 
comparatively slow speed of GO involutions per 
minute the loads change twice per second. 
Heavier loads than those due to steam thrust, 
however, a.re imposed upon the frame. In 
the single- cylinder engine of Fig. 2 it is not 
possible to balance ^ the reciprocating masses 
^ Sec “ Engines and Prime Movers, Balancing of,” § (5). 
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oven if the revolving weights be haUuicod, 
which in many engines is not done, so 
that vibratory forces are set up as soon as 
the engine runs. These forces are (piiie in- 
dependent of llie work being done by the 
engine. If the engine does no work, but is 
motored j’ound some external agent, the 
forces still act. The forces are dopondorit 
upon the w^eights and velocities of the moving 
jiarts. Vibration ensues even though the 
engine bo anchored to a heavy hi’ickwork or 
concrete foundation. The desirability of de- 
signing the moving parts so that they shall bo 
of a minimum weight consistent with necossarj^ 
strength is apparent. Multi-crank engines can 
bo designed so that, the collective ofTect of the 
separate moving parts is to balance. 

(vi.) The Governor. — If the load against which 
the engine is working bo suddenly removed, tlie 
speed of the engine will increase. To i)rovont 
undue increase in speed a revolution regulator 
or “ governor ” is provided. The action of the 
governor is due to centrifugal force. A\^hen 
the speed increases, certain weights driven b^' 
the engine itself change i)osition and, by re- 
ducing or modifying the steam supply, bring 
about a reduction of the speed of the engine 
to the normal. The function of the flywheel 
is to act as an energy store and regulator ; 
the function of the governor is to regulate tlic 
number of revolutions made ])er minute by 
the engine. 

Fig. 8 shows a typical form of governor. 
The vertical spindle S is driven by gearing 



ITO. 8. 


from the ongiiio shaft. Two arms terminating 
in balls B are pivoted to the U])por end of 
the vortical spindle. To (Mudi arm is pin- 
jointed a link L. The lower end of each of 
the two links is pin-jointod to a sleeve A which 
is free to slide on the vertical sj)indle. The 
vortical position of the slocwo dci>onds upon 
the position of the governor balls, whiesh in 
turn depends upon the speed of rotation of 
the vortical s})indle and thorofon^ upon that 
of tlio engine shaft. Tlio position of the 
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sloovo cloiorminos the quality or the quantity 
of the Htoam «u])pliod to tlie cngiiio cylinclor. 

There are two distinct methods hy wMch 
the governor may control the engine revolu- 
tions. Through such levers and links as are 
necessary tlie governor may either operate a 
throttle valve or it may alter the point of 
cut-oif in the engine cylinder. The position 
of the valve of the throttle valve detcr- 
niiues the (piaiitity of steam passing to the 
engine valve chesk If the quantity pass- 
ing through the throttle valve ho curtailed, 
ox])ansion oeeurs (witlnnit any work being 
done) immediately the steam passes through 
the valve and before entry into the cylinder. 
By throttling, therefore, the initial pressure of 


through the pei'forations and therefore throt- 
tling of the steam. The governors for small 
throttle valves are usually belt driven, but as 
the belt drive is not a positive drive it is not 
suited for a close control of the engine speed. 
A safety device is sometines provided to pre- 
vent excessive engine speed in case of break- 
age of the governor bolt. The steam main is 
connected to the flange E ; flange F is connected 
to the cylinder valve chest. The arrows in- 
dicate the direction of flow of the steam when 
the stop valve is o^Den. The governor base 
])iecc fits into the machined portion marked G. 
The combined stop and throttle valve complete 
with a pendulum governor are shovm in position 
on the engine, JPig. 2, at Z and GR' respectively. 



the Hteani euioriug tlu^ <y Under dopomls u])on 
the (Migino speed. In the alternative method 
the governor may be arranged to alter either 
or both the valve travel and the angular 
position of iiho ece-eatric sheave whilst the 
engim^ is riuming. '‘The initial [)ressur(' of the 
steam (uiiering the engine cylinder is con- 
stant hut the (juantity admiifi'd per stroke 
is variable and ‘ (hqmnds upon tlio engine 
speed. 

The throttling method of c.ontrol is common 
for emgines developing no great ])ower. A 
simple throtth^ valve eottihiiuHl with a steam 
stof) vjilvc arraug<Hl within the one easing is 
shown hy Fig. 9. One end of the link L is 
contUicU^l to the sleeve of a centrifugal 
gov(^rnor, and the other (muI to the lever A for 
rotating a cylindiieal throttle valves The 
position of the governor balls and sleeve as 
ix^fore (h^pends upon the speed of the engine. 
Any vertical <lisplaeemont of the sloevcD is 
communicai^ed by the link to the lever and 
f>rodueeH slight rotary inovoTnont of the 
throttle valve B within its casing 0. As the 
pc^rforations of the throttle valve and the 
iliroitle valve cjising are coiruddent at normal 
siXHxl oiigine, slight rotation of the throttle 
valve means reduction in available area 



JPig. 10 shows a shaft governor arranged to 
alter the angular setting of the eccentric 
sheave and so control the cut-ofi. The gear 
is symmetrical in outline. Pivoted at V to 
a wheel mounted on the engine crank shaft 
is a pendulum weight and arm W. Between 



Fra. 10. 


the pivot and the weight is attached a spring 
R. Tlio other end of the spring is secured 
to the wheel. The oecontrit; sheave E is 
integral with a plate bored an easy fit for the 
crank shaft so that rotation of the sheave 
may readily ho accomplished. A connecting 
link L is secured to the jdato and the pendulum 
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weight arm by pins. On the engine revolu- 
tions increasing beyond the normal, the 
weights under centrifugal action move out- 
wards despite the resistance offered by the 
springs, and by means of the links slight 
rotation of the eccentric sheave ensues. An 
adaptation of this governor permits of simul- 
taneous vaiiation of the angular position and 
of the throw of the eccentric sheave. 

Governing by altering the cut-off is some- 
times performed by the gear shown in 11. 
Pivoted at P to the governor stand is a 
slotted link SL, to which is attached by a 
pin the eccentric rod ER. The angular 
position and throw of the ecceirtric is in- 
variable. The end of the valve rod VR 



terminates in a pivoted block B capable of 
sliding within the slot of the link. The 
lever L is fulcrumed at A to the governor 
stand. Being attached to the governor sleeve 
at C, its angular displacement depends upon 
the speed of the governor. At D a supporting 
rod R is jointed to the other end of the 
lover L. The lower end of R is attached to 
the valve rod by a i)iu and carries the weight 
of the valve rod end. The angular displace- 
ment of the slotted link does not doi)ond 
upon the speed of the engine ; the longitudinal 
travel of the slide valve depends upon the 
position of the block within the slotted link, 
and as the position of the block is deter- 
mined by that of tlie governor sleeve, the 
governor control is by varying tlic cut-off. 

(vii.) Reversing Gear . — The most common 
form of gear for reversing the direction of 


rotation of an engine is tlu^ Stephenson Link 
Motion Reverse Gear. Fig. 12 illustrates 
this gear. Two o<iceutru( sheaves keyed to 
the engine crank shaft arc used, one Ixung 
for ahead running and the other for run- 
ning in the rovorso direction. The eeecntrici 
rods ER are coupled to opposite cuds of a 
slotted link S. A hlocdc B capable of sliding 
within the slot is ])in- jointed to the valve 
spindle end VS. The slotted lii\k is ])la(HHl 
in any desired jiosition with respee.t to the 
block by means of the juiU rods it and tbo 
reversing shaft and lover L. The nspiisite 
motion for the reversing shaft njay he provided 
by a screw or other convenient form of e.ontrol. 
When the block is immediately in front of 
the one cceontric rod connection, the valve 
travel is due to that one eccentric sheave ; 
and when placed immediately in front of the 
other eccentric rod connection the valvo 
travel is duo to the rovorso direction occentrio 
sheave, and the engine runs in the reverse 



direction. At any intermediate ■}) 0 Hiti(Ui the 
valvo travel is duo to the sum of the (effective 
motions of the two eccentric's. In addition 
to permitting of reversing, this gear allows of 
“linking up,” i.e. altering the cut-off (whilst 
the engine is running) to copo with the condi- 
tions under which the engine is working. 
The Allan and Gooch Link Motions, modiiica- 
tions of the Stephenson, are not very fn^- 
quontly used ; other gears, requiring hut one 
eccentric sheave, or perhaps none, arc sorne- 
tinies cmj)loye(]. 

(viii.) Clearance,.- ''Tlu^ limit of the piston’s 
stroke is some small distance from th(^ (cylinder 
cover nearest tlui piston. This small dimen- 
sion, ranging from about one-(piart(U’ inch for 
small pistons to one ineb for lustonsono hundred 
or more inohoa in diameter, is called the “ clear- 
ance,” or the “ inecbaiiuxil clcarane.e,” of tlu^ 
lhaton. Olcarance allows for slight iri'(‘gulurities 
in manufacture of the various parts of the 
engine as well as for HubscH(uent slight varia- 
tions in the relative positions of the various 
parts duo to wear and readjustineni-, and tem- 
perature changes. The “ cdoaratux^ volurno ” is 
the volume diu^ to the tneebani(!al (slearanco 
plus the volume of the steam passage or 
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paHHJigoH ill aHRoc-iaiioa wiili tliai })articnilar 
ctid of tho cngino cylinder. The working 
volume of the cylinder is tho volume swo])t per 
stroke by the piston, i.e. tho cross-sectional 
area of the (‘ylinder multiplied by tho stroke 
of the piston. Tho clearaneo volume is 
usually somewhere between 7 and 15 per cent 
of tho working volume. 

(ix.) H^xpanmve. Worblntj. — Tf steam bo used 
(expansively, v‘.e. if tho eut-olf bo at some 
fraction of the sti’oke instead of at tho com- 
pletion of the stroke, the terminal volume 
of tln^ sh^am is hvrgcw than tho volume of 
the st(^am admittial, and c,orres])ondingly the 
terminal pressure of the steam is lower than 
the iniliial admission pressunx The actual 
volume of steam expanding in tho engine 
cylinder is the volume a.(imitted plus tho 
volume of the n^sidual sti^am in the eUuiranco 
space, and tho “ actual ratio of expansion ” 
is tho volunu^ swept by the piston — tho 
working volunu^ — plus the clearance volume, 
divided by tho expanding volume at tlu^ 
jmint of cut-olT. Eroin tho point of cut-oil 
to the (‘-ompletion of the stroke tho volume 
of th(^ expanding stcMim gradually increases 
wliilst corres|)ondingly the pimsure falls. Tho 
pn^SHUn^ of the steam leaving the cylinder 
is usually at a few j)onnds per square 
inch below the tcuaninal pressure duo to 
expansion. 

By using steam ex])ansivoly a greater 
amount of work is performed per pound of 
steatti us(al than if tho stiMim wore admitted 
(hiring tho whole of the stroke. If a diagram 
b(^ drawn giving the pressure of tho steam 
at any instant during tlie stroke of the piston, 
tlu^ ai’(‘a of the diagram repnwmts to some 
scale the work done [xm* stroke of the piston. 
Much a diagram may he obtained from tho 
actual (xigiiu^ cylinder by iiuxins of an 
“ indicator,” and the diagram is (‘.all(Ml an 

iiuhhiatior diagram.” If tlu’t indicator and 
tlu^ g(Mir for driving tlu^ indicator he in good 
eomlitiou and W(‘ll desigmxl, the n^sulUng 
indicator diagrams faithfully record tlu^ con- 
ditions (existing within tho engine eylimler. 
humility in Ht(am-engine d(^Hign has not been 
reacluHl, and thc^ constant endeavour of 
(h^sigiKU's is to imu’cxise tho output per unit 
of working volunu^ of the cylinder. Assum- 
ing the length of th(^ engine stroke and tho 
(liam(di(U' of the (aigino (ylinder to bo fix(xl, 
ami saturated steam to b(‘ used, any incrcaso 
in output must due to some change 
resulting in an incr(uis(^ of the area of tho 
in(li(*.ator diagram or an increase of tho 
numher of rewolutions per minute. vShould 
in(U‘(‘as(^ of ih(^ lattxu' be not allowable, for 
incr(xiH(Hl output the anxi of tho indicator 
diagram must Ix^ incrctasod, and this c,an bo 
ae.complislKxl (if th(^ c.ut-olT remain unaltered) 
by inc.reasing the initial pressure and lowering 
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the back prcssiu'e. The lowering of the ex- 
haust pressure is accomplished by causing tho 
engine to exhaust into a vacuum. It must 
bo remembered that to provide plant to 
create a vacuum is initially costly and also 
expensive in ii[)keop. Increasing tho initial 
pressure introduces operating troubles in- 
separable from the use of high - pressure 
steam. 

§ (:i) OoMUOUND Engines. — To use steam 
as offieiontly as possible tho heat content of 
tho steam at entry to tho engine cylinder 
must he high, and at the exit from tho 
cylinder it must bo low. The initial jiressure 
therefore being high, since it is desired that 
the exhaust and terminal pressures should 
he nearly o(pial, tho ratio of expansion is 
high. In a single - cylinder engine of usual 
(h'Hign tho early cut-off thus noccssitatod is 
very undesirable, but if tho same ratio of 
ox})ansion ho ])erformcd by steps or stages in 
two or more cylinders many of tho objections 
disaj)pear. vSueh step or stage expansion is 
t(u*med ‘‘ com])ouiidmg.” Tho first step is 
liorformed in a “ high-])rcHauro cylinder,” and 
the last step in a “ low-])rcasurc cylinder.” If 
tho engine bo a two-stage engine it is called 
a “ compound engine ” ; if three stages are 
used tho engine is (tailed a- “ triple oxiiansion 
engine ” and tho intermediate stage is per- 
formed in an “ intormodiato pressure cylin- 
der ” ; if four stages are used tho engine 
is called a “ quadruple expansion engine ” 
and tho intormodiato stages arc performed 
in “ first intermediate pressure ” an(i “ second 
intormodiato pressure ” cylinders respectively. 
Sometimes it is considered advantageous to 
])orf()rm the work of the high- pressure cylinder 
(or iicrhaps tlio low-pix^sHiu’c cylinder) in two 
cylinders. In marine service four - cylinder 
tri])lo expansion engines arc not uncommon. 
In such engines there are two low-prossuro 
cylinders collectively doing tho work which 
ordinarily one low-pressure cylinder would do 
in the more common throe -eylincku* engine. 
(Compound locomotives aometimoH have two 
high - ;[)rcHHuro cylinders exhausting into one 
low-xirossuro cylinder, and although there are 
throe cylinders tho engine is not a triple 
expansion but a throe - cylinder compound 
locomotive. Sometimes tho cylinders arc 
arranged “ tandem,” ix. tho ])lston rod of one 
cylinder is directly connected to tho piston 
of the adjoining cylinder, so that only one 
crank and connecting nxl is required for tho 
two pistons and piston rods. Tho ordinary 
single -cylinder engine is called a “simple” 
engine, and if two sucdi engines are arranged 
on the same frame and drive a common shaft 
the arrangement is said to bo “ twin simple 
onghiOH ” or a “ twin ongino.” 

§ (4) The Condmnshu. — Tn comjxmnd, 
triple, and quadruple expansion engines 
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the terminal pressure in the low - pressure 
cylinder is usually betw^ecn six and four 
pounds per square inch absolute. A low'cr 
pressure than this is not usually desired 
because of the increase in size of the low- 
pressure cylinder due to the rapid increase 
in volume of the steam at the higher vacuum. 
The steam is condensed in a “ condenser,” 
and the pressure in the condenner is slightly 
less than in the engine cylinder. The type 
of condenser used is determined largely by 
the amount of water available for condensing 
the steam. In marine service, where there 
is unlimited water to bo had, the surface 
condenser naturally is used. In essence, the 
surface condenser consists of a battery of 
small-bore tubes, usually about three-quarters 
of an inch in bore, arranged vdthin a casing 
so that on one side of each tube the exhaust 
steam circulates whilst the cooling water 
passes on the other side. The condensing 
water and the condensed steam are thus 
kept separate and distinct from one another. 
For land service where the amount of water 
for condensation of the exhaust steam is 

strictly limited, an evaporative form of 

surface condenser is sometimes used. In this 
condenser the steam is condensed within the 
tubes by a small quantity of water flowing 
across their exterior surfaces. In the class 
of condenser commonly used for land purposes 
the steam and condensing water mingle, and 
the condenser is called a “jet condenser.” 
There are two distinct varieties of jet 
condensers — the “parallel flow” and the 

“ counter flow.” In the parallel flow the 

steam and the condensing water both enter 
at the same end of the condenser, whilst in 
the counter flow the steam enters at the 
bottom and the condensing water at the top 
of the condenser. The counter flow is the more 
efficient of the two arrangements. 

The air leakage past the gland where the 
low-pressure piston rod enters its cylinder 
is considerable, and, together with the air 
passed over from the boiler with the steam, 
necessitates the continual use of an “ air- 
pump ” in order that a vacuum may be 
obtained and maintained. .Generally, in addi- 
tion to removing the air from the condenser 
the air-pump removes the water of condensa- 
tion from the surface condenser, or the water 
of condensation plus the injection water from 
the jot condenser. Usually the air-pump is 
driven through the medium of levers and links 
from the engine cross - head or piston rod. 
In horizontal engines the condenser (with its 
pumps) is generally arranged under the engine 
in order that the exhaust pipe may be of 
minimum length. Long exhaust pipes are 
inefficient and undesirable. For the same 
reason the condenser in vertical engines (so 
common in marine service) is mounted on the 
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engine framework as close as possible to the 
low-pressure cylinder. The condensing water 
is circulated by a “ circulating j)ump ” some- 
times driven by the engine or sometimes in- 
dependently. 

§ (5) Valvks. — With the simple J) slide valve 
of Figs. 4 and 5, independent eonl.rol of the 
cycle of events is not x)ossiblo. Should the valve 
be set to give an early cut-off, an early rolcaae 
and compression also occur. To permit the 
timing of the admission portion of the eyedo 
to bo altered without affecting the timing 
of the exhaust has been the object of many 
schemes. The arrangonumt shown in Fig. 13, 
called the “ Moyer oxxmnsion valve,” has 
been much used to this end. Two complete 
s(bts of eccentrics with rods and valve a})indlea 
arc necessary. The main valve is driven by 
its sx)indle 1) and rociprocatos in the usual 
manner over the three passages of the cylinder 
valve face. The main valve is in casonco a 
simple slide valve with the addition at each 



end of a steam port S. As in the Bim])lo slide 
valve the steam lap is the amount L. The 
lap L ct)ntrols the passages leading to f,ho left 
end of the engine ciylincler, but the H(‘.])arately 
reciprocated cxj)anHi()n valve A controls fJxo 
steam supj)ly to the com^sponding main valve 
port. Hence the steam supply to the cngiu <5 
cylinder is determined by A and B, and the 
exhaust from the cylinder is dotcrmimMl by the 
main valve exhaust oclgt^s F and (h Varying 
the cxit-ofl whilst the engine is running is 
readily achieved by providing right- and h^fi- 
hand screw threads on tlu^ valves spindles (1, 
and arranging that 0 may b(‘ rofatcHl slightly 
without affecting its reciprocation, i^vrfhd 
rotation of C either closers or He])anitcH Hoine- 
what the parts A and B, and tluindon^ alters 
the period of opening of the ports S to steam. 
The screw tbw^ads are of the satm^ pitch, -/.c. 
rotation of C })i’oducos e(pial longitudinal 
movement of A and B, but in ox)posil;o 
directions. 

It is common practice in large stationary 
engine design to discuird the slide valve and 
substitute in its ])la(ie four valves, two valvc^s 
for controlling the steam supply to tins 
cylinder and two valves for r(^gulating the 
exhaust from the cylinder. A great advantage 
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of Hiioh Jin arrangomont lioa in tho curtailing 
of the wjiHio oloaranco voluino due to long 
Htejvm })jiHsagoa. Whether tho four valves 
ar(^ arranged in tho cylinder covers or in tho 
cylinder barrel itself, tho length of tho pass- 
age from tho valves to tho cylinder barrel is 
short. In horizontal engines it is usiuil to 
place tho stejim valves on tho top and the 
exlijuist valves underneath the cylinder barrel. 
If reasonable care is tahen in tho design of 
those vjilves, very efruhent drainage for any 
stojiin condensed -within tho cylinder and its 
])jiHSJig('s is possible. It is profonxblc to use 
Hep}irjii.(^ valv{‘H for iho high- and low -tempera- 
ture slojim rjither tluin one valve for alternat- 
ing tempj^rat/ures. Kor tlie four- valve scheme 
two distirtc^t forms of valves Jind gears have 
Ixvm devised, and each has given its name to 
reciproc.jiting engines using that S})ooial form. 
Mngitjos litted with rotsking valves are named 
aften- the origimitor of such valves in their 
applicuition to steam engines, and are called 
“ Clorliss engines.” Engines employing the 



oth(‘r form ar(i known Jis “Drop -valve 
jMigim^s ” becauHJ'i a droj) vjilvo is used. 

(i.) VdlvcM. - A ty])i(',al cylinder 

bju’ix'l with eovjM’H for jv Ooiiiss engine is 
shown in A’/g. M. Ihirt of ibis iigure is in 
longiiaidiujil HJM^tion jind ])jirt in outside view, 
^rhe elosjMH^Hs of th(b valves to the working 
VJ'lniiU^ of tilw' <'.ylin<l(M’ is very marked. 
At A the sbxun enters a shMiiu belt run- 
ning longiliudimilly jvhove tlu^ cylinder barrel. 
MMiis b<dl termiiudes jit (xich en<l in a ('.asing 
H eontaining th<^ steam valve for Unit end of 
the eylhuhu*. 'Phe ('xhausli vjilves are arranged 
i,o work within sinuljir-Hlujped (fasings (1, jind 
the two C'.xIuiuhIi easings e.oiinec.tcid by a 
longii-udimil ludt inideriu^Jith (ylinder. 
Hk' exiijuifil. pip(' is eontUHiixMl (.o a suitable 
fjun’ng D on iilu' exhaust, belt. At M draitnige 
provision is tjuuh’i. (h’oss - sj'ei.ions of the 
vjilvj^M ar(^ shown in AbV/, 15. Tlu^ steam 
vjilve at tb(^ point, of jidmission is shown at 
(a), Jind full open to sham jit. (A)* (^xhauHt 
vjilve is shown Jit. point, of rehmso Jit (r), 
and full op(m to ('xluiust Jit (d). The vjilvo 
Hpimlle al.tJU’.h(Hl to (xieh t)f tlu^ valvj^s protrudes 
tlirough a Hbxim-tigld. stuning-box with gland, 


and is fitted with a lever, as shown dotted in 
the four sketches. 

Each of the two sets of rocking valves is 
worked by an eccentric. This permits of ready 
variation in both steam and exhaust cycles. 
In one arrangement of the valve gear the ex- 
haust valve lovers are connected by links to a 
circular plate mounted on a spindle fixed to 
the cylinder about midway ]->otwxon the valves. 
Tho exhaust eccentric rod is also coux:)led to 
this circular plate and gives to it a vibra- 
tory motion which is transmitted through 
tho connecting links to the rocking exhaust 
valves. For the steam valves a similar plate 
is used, and the eccentric for tho steam valves 
is coupled to the plate to provide the desired 
motion. The steam valves work under the 
joint influence of the steam valve eccentric 



Jind a governor. The mocha.ni8m is com- 
pUcjif.ed, Jin\l is such tluit tho cut-off is always 
rajhd. ( Governing is by variation in cut-o(T. 
I-ijirgo verticjil oiiginoH luivo been constructed 
in addition to tho more common horizontal 
patt(‘rn for driving mills, factories, oleotrio- 
light phint, etc., jind luwo proved successful 
in nortnal working. Given that the design 
is Hjit-isfactory, sweet jind ofTiciont running of 
tlu^ (loiiisH engine di^ponds upon the care with 
whitfli the nuuKwouH adjustments are made 
Jind nuiintained. If not given adequate atton- 
tion the woi'king is noisy. 

(ii.) Drop ValvoM, — Tho vjilvos Jind valve 
o])(u’ating inejiluinism of tho dro])-vjilve form 
of (mgine di-lTer in principle from those jilroady 
<IeH(‘.rih<'-d. T(^ jillow steam to pass, the valves 

are raisjMl bodily from thenr seats, closing 
being efTectod by drojjping the vjilvos on to 
tlieir HOJits. Four valves are required ])or 
(ylUuhjr— two steam and f.wo ('xhaust vjilves. 
Tho operation of those four valves is through 
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the agency of a “ lay shaft.’' The axes of 
the lay shaft and the engine cylinder are 
parallel, and the lay shaft extends almost the 
whole length of the engine. The motion of 
the lay shaft is one of rotation, and the speed 
of rotation is usnally the same as that of the 
engine crank shaft. As the lay shaft is 
arranged at right angles to the crank shaft, 
rotation is transmitted either by bevel wheels 
or skew gearing. 

The commonest form of lift valve is that 
shown at D, fi(j, 9. The surface of the valve 
actually in contact with the valve seat wlicn 
the valve is closed is small, in order to ob- 
tain steam -tightness. The angle of the valve 

seat is 45*^. If 
the pressures 
above and be- 
low tlio valve 
when the valve 
is closed are 
not equal, 
some form of 
gear is required 
either to keep 
the valve in 
position or to 
opon the valve 
when desired. 
In Fig, 9 a 
screwed spindle 
S is provided 
for both ]uir- 
posos. The un- 
balanced steam 
load on the 
valve may bo, 
and in facd 
usually is, con- 
siderable. For 
some ])urpoHeH 
the lae.k of 
balance of su(‘h 
Pig. 10 . steam loads is 

not of great 

moment, but in valves controlling the steam 
distribution ()f an engine making perhaps 200 
revolutions per minute any consiclorablo lack of 
balance is ])rohil)itivc, since the o])crat'ing gear 
would be subjected to unnocessarily large loads. 
The balanced double-seated valv(5 of Fig. 10 
has designed to overcome those operating 
dihiciilties. The seats are at I) and E, and 
the valve is shown full oj)on. The cover 
scouring in [)ositi()n the valve cage also carries 
the gear for imparting the requisite motions 
to the valve at the correct intervals. 'The 
nearnoHs of the valve to the cylinder bore A 
and the cylinder cover 0 is noticeable, and 
the waste clearance s))ac(^ is correspondingly 
small. Dinieulty has been exf)oricnc!o<l in 
keeping steam-tight tlie valve fa(^c‘H of (lo\iblc- 
bcat valves, and as a result modilieations to ! 
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the design shown have been introdut'cd, but 
the balaiKjing of the steam Icjids is always 
kept in view. As in tJio (-orliss engine, steam 
to the valve comes by way of a longitudinal 
bolt 3. In an engine running at ISO rovolu- 
1 tions per minute the period for sbvim admis- 
sion, if the cut-olf be at one-cpiarter stroke, is 
one twenty -fourth of a 8C(U)nd. During this 
short interval the valve must both open and 
close. A jjositivo meehanism is imperative, 
therefore, for ojmrating the valves. Usually 
the valves are pressed open by some form of 
cam gear and forcibly closed by a. strong 
spring. The operating forces are ekuirly in 
the nature of a hammer blow and the gear 
might readily be described as pcrcnissive. 
The necessity for the elimination as far as 
possible of all unbalanced loads is dear. If 
the design of the gear is not iheorotituilly 
sound no amount of care and attenfiou by 
engine attendants can prevent noisy working, 
severe wear and tear, and unreliability in ser- 
vice. The hammer l)U)w of the closing valve 
is softened oonsidorably by trai)ping air under 
the i)iston P working within the s))ring cylinder 
G. Sometimes oil is used instead of ai r. The 
amount of cushioning effect may readily bo 
controlled by a small valve not shown in the 
illustration. The end of the lever for ])resHing 
opon the valve is lettered L. The valve gcsir 
is not shown. An oc'cumtric eonipk^e with 
its strap and rod is necessary for operating 
each valve. 'J'Ik') four (Huumtric shcavt^s arci 
mounted on the lay shaft. Governing is 
accomplislu^d by varying the point of cut-oiT. 
Eitlier a shaft governor or ilu^ more eoinniou 
■[>endulum governor may h(^ uh(mI for (iontrol- 
ling the admission pei'iod. Tlu^ (vxhamt 
valves are not gov(U’nor - controlkul. The 
remainder of ihe (uigine presemts no inmsual 
featur(‘H otluu' iihan that the crank a,n(l con- 
necting rod ar(^ (mclosial and that luhricatiou 
of the bearings is fonuHl instiwl of (.lui custom- 
ary oil -box a-nd cotton - wick nud-hod Ixang 
used. The oil in tlu^ simple common nudhod 
is transfernxl from the oll-()ox to th(^ l)earing 
by capillary action. (h‘oov(w cut In the bt'ar- 
ing allow the oil to conn* int-o (a)nt{udr witlj 
the journal within ihe bearing. 

Some manufat^turers pr(d(a‘ to snhstitiut.e 
gridiron slide valv(^H for the (exhaust drop 
valves. KsHOUtially a gridirt)ii slide valv(^ 
is a imd-al phvU^ jHwforatod witili ptuduips 
three shd^s. This platen .slick's upon a valves 
fa(u» jx'rforaied with similar slots, tihus allowing 
communication with the ('xhaust to Ix' ('stah- 
lishod wIkmi (k'nired, .By the' use' of Hcwcu’al 
shdiH a coiiiHid(‘ral)le opcxiing to c'x haunt is 
poHsihle vvitli huti a short valvc' travch d'lu^ 
gridiron valve's arc' drivc'u hy ecccad-ricH frenn 
the lay slvaft;, onc' valve being provided at 
each end of the' ca\ginc' cyliiuk'r. With this 
arrangement also the wastiC' clc'aranco volume 
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waste clearance volume is very small, and the 
total clearance volume is about 2 per cent 
of the working volume. There are no exhaust 
valves in tlie usual sense of the expression. 
The cylinder barrel and ]^iston are unusually 
long. The length of the piston is about 90 
per cent of the length of tlie piston stroke. At 
the centre of length of the cylinder barrel 
is an exhaust belt. Access to this bolt from 
the cylinder barrel is obtained through a 
number of slots cut in the circumference of 
the cylinder barrel. The length of each of 
t hese slots is about 10 per cent of the length 
of the piston stroke. 

In a single-cylinder una-ilow engine the 
ratio of expansion is as high as in a quadruple 
expansion engine. Consequently the cut-off 
is very early, hoing rarely later than one- 
iciith of tlie stroke. When the juston has 
nearly reached the end of its stroke it uncovers 
t.he exhaust slots and allows an almost un- 
restricted escape for the used steam. On 
(‘ompleiing about 10 ])er cent of the reverse 
stroke the piston closes the exhaust slots and 
such steam as is trai)pod is compressed. 
Gompression continues until the end of the 
stroke is nearly reached and the admission 
valve is ready to open again. The compression 
period is very long and the maximum com- 
pression pressure correspondingly very high. 
The indicator diagram obtained from the 
una-llow engine cylinder is strikingly different 
from that usually associated with steam- 

tlu^ <'ylindor is altornatoly 
luMiOul by incoming steam 
and cooled by outgoing 
st(‘a,m. 'riio four - valve 
Heluuuo is pref(Tablo to 
the I) slide valve in this 
n^Hpee.t. A furtluw modi- 
lieaiion of the four-valve 
a.n’angeni(uU, is to elimi- 
naU^ tlu^ moclwuiically 
operahal oxhausi valve 
and so mak(^ the cylinder 
tihal) the steam (low is 
always in oiu^ dircHition, 
lieejinse of tlu'. sh'ani (low 
being always in the one 
dinw.tion such ongiiu^s arc 
ealhal una-llow ” (somo- 
tirnes uiii-llow”) (mgiuos. 

geiuwal appeuratKiO of 
a uiia-dow engiiH^ is illus- Pin. ,18. 

irat(al in Fhj, 17. The 

(mgine is a Hingle-cylimlor engine of about engine practice. In the normal (Uvsign of 
too horH(v|)ow(W at aliout 180 revolutions per una-(low engine a high vacuum is necessary 
minute. Nearly all the working [larts arc to prevent excessive compression pressure, 
comphdely enchmed. Steam admission is con- A jot condenser is usually jirovidod and is 
trolh'd hy drop valvi^s worked by eccentrics ])lacod immediately under the engine cylinder, 
from a lay shaft, as in the drop-valve engiiui. The exhaust slots arc so large in area C/S to 
Th(^ drof)' valv(‘H i\n\ arrangial in the cylinder olTor practically a negligible resistance to the 
(u)verH, as may be hihsi from Fig. IB, The exhaust steam, and the vacuum in the engine 



is small and (.he cylinder drainage is auto- 
matic. 

§ (0) Una -PLOW Enoinr — The general 
appearance of the drop-valvo engine is not 
very dissimilar to that of tlio una-(iow engine 
illustrated by Fig. 17. The cylinder of the 



Pm. 17.- Una-llow I<h\}j;inc. DcHiiiiuul and built l)y 
Messrs. Ilolx'y W CU)., Ltd., bUn^oln, PaiKland. 

una-(low engine is almost twice the length of 
the eylindor of the corresponding drop-valvo 
engine. 

In (h(^ engitu^H so far described, each end of 
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cylinder is practically tliat in tbo coudenaca*. 
To provide against damage due to cxccasivo 
rise in compression pressure, should there ho 
leakage past the admission valve or a fall 
in vacuum, spring - loaded relief valves are 
provided. Provision is made for running the 
engine temporarily non-condensing hy throw- 
ing into communication with the bore of the 
cylinder an additional clearance space in each 
cylinder cover. Those additional clearance 
spaces are controlled by valves. 

Superheated steam is generally used for una- 
flow engines. The piston under the action 
of high temperature needs lubrication. A 
mechanical sight-feed lubricator is prf)vidod 
for the purpose. Lubrication of the main 
hearings, connecting rod, and cross-liead is 
forced, the oil being circulated by an oil pump 
driven by the engine itself. 

In Fig. 17 a large cylindrical casing around 
a portion of the lay shaft and almost touching 
the front eccentric will be noticed. This 
casing encloses a shaft governor capable of 
fine speed regulation. It moves the eccentrics 
and so varies the cut-ofi to suit the load on 
the engine. The handwheel at the extreme 
end of the lay shaft is for speed adjustment 
by altering the governor conditions whilst 
the engine is in motion. 

Uniformity of turning moment is usually 
a requisite in engineering practice. As has 
been shown by Fig. 3, a single-cylinder engine 
gives a maximum cyclical variation and range. 
The flywheel therefore must be much heavier 
than would be necessary for a multicrank 
engine developing in the aggregate the same 
power as the single- cylinder engine. Although 
the flywheel of the una-flow singlo-cylincler 
engine is extraordinarily heavy, tho una-llow 
engine is cheaper to build and operate than 
the miilticylinder engine. Una-flow single- 
cylinder engines have been used for driving 
alternators direct-coupled to the engine crank 
shaft to run in parallel where the permissible 
cyclical variation of turning is extremely 
small. 

§ (7) Htch-speed Encunrs.— The so-called 
“ high-speed engine ” is due to tho demand 
of electrical engineers for an engine to drive 
when coupled direct to electric generators. Its 
correct designation is “ quick revolution,” as 
tho mean piston speed duo to the short stroke 
em])loycd is ccmj^aratively slow. Its great 
success for this exacting service led to its 
application elsewhere, and although tho steam 
turbine has practically superseded tho qxiiok- 
revolution engine for electrical purposes, tho 
engine, nevertheless, is in demand as a con- 
venient, reliable, and moderately economical 
prime mover. It is usually vortical, and there- 
fore possesses tho advantage of requiring hut 
little floor-space. It is very compact, of no 
groat weight per unit of power developed, and 


is made either as a simple, coiupoutul, or 
triple ex])ansioTi (uigine, using either saturated 
or superheated steam. This form of oiigino 
is conducive to high cflictieuey, but if Jiigh 
oflicioncy is to he maintained the engine must 
he kept ill good running eondition. Quic^k- 
rovolution engines will not work saiisfaetorily 
under conditions of neglect such as are asso- 
ciated too fi'cquently with the running of tho 
slow-revolution engine. 

Tho difficulties of adeipiatoly lubricating tho 
moving parts of tho high-revolution ciigino 
were not satisfactorily solved until the enolosod 
form of engine was designed. This typo of 
engine is illustrated by Fig. 10. All the 
working ])arts are enclosed in an oil-tight 
case, and usually all that is in sight outside 
tho case is a small piece of the piston rod and 
of tho valve rod. Lubrication of tho various 
bearings is effected under pressure. 'Idio 
maximum oil pressure used is about thirty 
pounds per square inch. A small plungor- 
pattom oil pump driven from tho end of tho 
crank shaft circulates tho oil through passages 
a,nd pipes. The bearings are flooded with oil. 
The oil escapes at the ends of tho bearings and, 
dropping into the well formed hy tho crank 
case, passes through some form of cooler and 
is strained before entering the oil j)ump to con- 
tinue its journey once more to the bearings. If 
each hearing is to receive its fait' share of lubri- 
cant, all the bearings must bo (imdy and uni- 
formly adjusted. When t he engine is rimuing, 
nothing of the oiling provision is visihh^ exe<qflt 
an ()il-])ro,ssurc gauge, 'riio (juantiiy of oil in 
the oiling .system is usually sucdi tliattho cnink 
and tho lower end of the connecting rod ])aHH 
through the store of oil in al)out one-sixth 
of a revolution. Tliis materially aids the 
lubrication of the crank i)iu. 1d\ere is an 
inevitable leakage of condensates where tho 
piston and valve rods enter tho easing, and 
tlio water finds its way into the <u’ank cuise. 
Prevision should ho mad(i (if it has not been 
done by tho engine builders) for poriodi(“.ally 
removing this watew and also the waicu’ of 
separation from tlu^ luhrieuiting oil placed in 
the crank case. If such be not made, the 
crank churns tho oil and water into a viscous 
mixture of about tho consistoney of (a*t^am and 
of little value as a lul)ri(^ant, and the pressure 
in the oiling system drops to an unsafe ligui’e, 
aboxit five pounds p(w s(juaro inch. If the 
water bo remov(^(l ixulodh^ally, tho sanu^ oil 
Tuay be used in tlu^ cra,ulc case for many wtudes 
running. A valveless oil ptunp is prehu’adde. 

If a qtiicjk-revolution engine runs at, say, 
seven times tho speed of an ordinary cmgino of 
equal power — and this is not unusual”— the 
time for heat exchange hetwc'on the steam and 
tho cylinder walls is one-seventh that of the 
ordinary engines. When i*unning at 420 
revolutions per minute tho pei’iod of exhaust 
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occtipios loss than oiie-fourtoonth of a second. 
As tlio time for heat flow is so short the 
cylinder condensation duo to heat How is 
correspondingly small. 

Bocaiiso of the high number of revolutions 
the size of the engine cylinder is relatively 
small. This contributes to a minimum heat 
loss duo to radiation per pound of steam 
entering the engine, and therefore the high- 
revolution engine is again preferable. Addi- 
tionally, the amount of covering provided on 
the hot surfaces in high-revolution engines is 
in marliod contrast to the almost unclothed 
cylinders so common in slow - revolution 
engine ])racti(‘.o. The cylinders, pistons, and 


req^uired to set it for running in the reverse 
direction. 

Usually a governor is arranged with its 
axis horizontal, and is placed at the free end 
of the crank shaft. The governor presents no 
special features other than that it works in a 
horizontal position. The hinged weights under 
the control of the powerful springs occupy 
definite positions at definite engine speeds. 
The position of the weights is communi- 
cated to the sleeve and through the medium 
of a lever and rod to a y u 
double-beat governor con- I I 
trol valve x^laced at the ' 
steam entrance to the valve 
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BIO. -bnclOHoa steam lOnffiiio. Built by Messrs. Alley & MaeLollan, Ltd., aiusKcw, Scotland. 


valves arc arrang(Hl to ho sclf-<lraining and 
water pockets an’) eliminated. When arranged 
for using saturated steam a “ separator ” Is 
providcKl to drain as much as ]>oHsiblc of the 
moistures hold in suspemsion in the steam 
before the st(uitn ont(>rs the valve chest. 

St(UUTi distribution is usually controlled 
l)y a “ pistoti valve.” A piston valve is a D 
slidt^ valve in whie-h the flat valve face is 
Ixmi into a cylinder. Piston valves arc free 
from fric'-tion due to steam load and occupy 
small Hpa(^('. The valve gear is of an unusually 
Hubstaufiial coustrue.tion because of the rapidly 
aUx'irna.ting loads to whicih it .is subjected. 
,KiU’loH('d (engines an'i not arranged for reversing 
wh(m running, biiti often, especially in single- 
cylinder (Mm’in<\M, the (HU'cntric shoavo is so 
arranged that only a few minutes’ work is 


chest. The position of the valve determines the 
quantity of steam passing the valve, and control 
of the engine speed is therefore by throttling. 
With this form of governor control it is possible 
to work with a maximum momentary variation 
in speed of hut 2 per cent and a permanent 
variation of less than 1 ])or cent when full load 
is suddenly removed from the engine. With the 
cxcei)tion'of the weights and springs the moving 
parts of the governor gear are very light and 
easily ox)erated. A heavy flywheel is csscniiMl, 
particularly for the single - cylinder engines. 
A tachometer or revolution indicator is 
vided, driven from the engine shaft by a bolt. 

§ (8) Tine LodOMOTivn.— The i)rescnt-day 
locomotive ongine is a com])ac.t self-contained 
steam jdant remaikably ))owerful for the space 
occu])iod, whilst possessing exceptional flexi- 
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bility in operation. The form of steam 
generator used and the general disposition of 
the engine parts still bears the stamp of 
Stephenson’s genius. Whilst in other branches 
of steam engineering the compound engine has 
proved its right to the first place, in locomotive 
practice generally the simple engine prevails. 
The conditions imder which locomotives must 
work are unusual and severe. Minute by 
minute almost, the conditions change as 
different gradients are encountered, and often 
extreme acceleration or retardation occurs at 
short intervals. The conditions of service 
debar the use of a condensing provision. 
Therefore for locomotive service the simple 
engine has survived. 

The steam boiler is secured at one end to 
the frame plates ; at the other end it is 
supported, so allowing freedom for the change 
of length due to temperature variation. The 
engine cylinders are secured to the same 
frame plates at the anchored end of the 
boiler. This avoids racking the steam pipe 
between the boiler and the engine cylinders. 
If the cylinders be placed within the frame 
plates the locomotive is called an “ inside 
cylinder engine ” ; if placed outside the 
frame plates the locomotive is called an 
“ outside cylinder engine.” The exhaust 
from the cylinders is used to augment the 
draught and therefore promotes rapid steam 
generation. If the exhaust were not used 
for draught acceleration, a much larger and 
heavier boiler would be required. The 
pistons, piston rods, cross-heads, and connecting 
rods are similar to those used in simple land 
engines, although, owing to restricted space, 
the detail is different. The locomotive engine 
is not provided with a governor. By an 
intelligent use of the reversing gear and 
the steam admission valve or “ regulator ” 
the engine power can be easily adjusted by 
either or both throttling and varying the 
cut-off to suit the constantly altering running 
conditions. The double - eccentric reversing 
gear, as illustrated in Fig. 12, together with 
a simple D-slide valve is commonly used, but 
many variations in valve gear arc to be found. 

Keyed to the crank shaft, or “ crank axle,” 
are the two “ driving wheels.” The driving 
wheels take the place of the flywheel or 
flywheels of the stationary engine. The rim 
of each wheel is provided with a tyro having 
a cross-section suitable for the rails on which 
the \vheels roll. Adhesion between a tyre 
and a rail depends upon, amongst other 
factors, the weight pressing the two together. 
In order to take advantage of the weight of 
the locomotive, and in view of the weight 
upon any one axle being restricted to some 
certain amount depending upon the construc- 
tion of the track, etc., tlie wheels of two or 
more axles are usually coupled together. 
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The coupled wheels act as supplementary 
driver wheels. To enable the wheels to bo 
cou})lcd, they are provided with crank pins, 
and the cou])Ung rods connect these (irank 
pins and cause all the whcc^ls to revolv(^ 
together. In the common two - cylinder 
locomotive the engine c,ra.nks a.re arranged 
at right angles to one another. 7’his is 
beneficial, not only becuuiso it redmu's the 
fluctuation of the twisting moment, but 
because it enables the engine to start from 
almost any ])ositi()n in whi(‘fi it may liavo 
come to rest. The axles of the C(niplod wheels 
other than the crank axle are plain axles. 

A marked difference hotwoen the stationary 
and the locomotive engine is that in the 
locomotive the crank-shaft hearings — “axle 
boxes ” — and the hearings for the other axles 
are not rigidly fixed to the engine frame. 
Each hearing is spring supported. Whilst 
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constrained horizontally the spring support 
allows the axle box a certain limited movement 
vertically, A ty])ical axle box with its spring 
support is shown in Fig. 20. The axle box 
slides vertically within the guide bolted to 
the engine frame. The spring alisorbs shocks 
due to inequalities in the tracik. 

Aliliough an engine sp(HHl of about 2(50 
revolutions ])er minute is ((uiie common, and 
although the (conditions rospcnct-ing dust/ and 
grit are anything hut ideal, the simpke nuNUiH 
used for lubihcating tlu^ axle within the axle 
box is effe(‘,tive. In marked (contrast is the 
care and ola!)oration of dcctail found luscc'SHaa’y 
for stationary engines running at simila'r 
speeds. Only the u})p(cr jxu’iion of the axle 
box comes in c(>nta(ct witli the a.xlc. The 
lower portion of th(c axkc bo.x is provided with 
a hollow “ k(cep ” which a(‘,tH as a,n oil 
eontain(cr. A f(clt lubricating pad is lightly 
pressed against the axle by slendc'r springs, 
and as the pad is partly immersced in the oil 
in the keep tluc surfacce in contact with the 




STEAM ENGINE, 

axlo is well su])[)lied with lubricant. Addi- 
tionally, oil is conveyed from an oil box formed 
in the top part of the axle box to suitable 
oiling grooves cut in the bearing surface in 
contact with the axle. 

A six-coupled, simple, inside- cylinder, side- 
tank locomotive is shown in Fig. 21. An 
unusual degree of flexibility is given to the 
axlo boxes for the trailing axle (under the 
coal bunker) to permit the locomotive to nego- 
tiate curves readily. Whilst but a moderate 
sized engine, this locomotive is typical of a 
class in great demand, under certain condi- 
tions, for homo railway service. 

§(0) Marene Enoineh. — The modern marine 
reciprocating steam engine at first view does 
not appear to have much in common with the 
Him])lo engine already doscribod. Its difiorcnce 
in form and detail is solely duo to the endeavour 
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very common ; an engine of this size for land 
service is rare. Whilst for certain marine 
services the reciprocating steam engine has 
given place to the geared steam turbine, 
this is not because of mechanical defect or 
inability to perform exacting duty. The 
average engine is remarkably reliable and 
frc(5[uently works under the most adverse 
conditions. For “ tramp ” steamers the re- 
ciprocating steam engine holds the premier 
position. 

Triple expansion engines are customarily 
used, although quadruple expansion engines 
with higher steam pressures and superheated 
steam are not uncommon. The engines are 
vertical with the cylinders arranged immedi- 
ately above the crank shaft. A typical engine 
is sho%vn in Fig. 22. The rear columns for 
supporting the cylinders arc of cast iron and 



.FlO. 21. — Six-coui)l<'(l Tank for the lirocon and Mc'rthyr Railway. lUiili by 

McHHrH. Jtohert Htephenson, tfe Co., Ltd., Darlln^^toii, England. 


to satisfy th(^ requiromonts peculiar to the 
tiHO of nuii prorating engines for the propulsion 
of ships. The form of cross-section of the 
veHH(d, the iKHK^ssity of having the crank 
shaft r(dativ(dy (dose to the keel of the vessel 
ill order to securer immersion of the (iropeller 
when the v(^hh(^ 1 is running without cargo, the 
desirability of bdng able to run continuously 
for many days without impairing the ability 
of tlu^ engine to reviu’so instantaneously on 
(hmiand, tlie ability to olitain unlimited sup- 
plies of cooling water for use in ooiulensers, and 
the inability to obtain, other than to a very 
limitiMl exl^(uit, fresh water for use in steam 
boilers - all these, as w<'ll as oiher factors, 
have inllueneed the moulding of the simple 
form of reeipnx^ating (uigine into the marine 
engine of to-day. d'h(^ largest rce.i proeating 
Ht<m,m engines ever built have been for marine 
servie.e, and the average size of engim^ in use 
at pnsscdit on boa, rd sliip is much larger than 
nsrul (^Isewlnu'rs A ‘‘ tramp ” steamer erjuipped 
witli a two thousand hor’se-power engine is 


the front columns arc of wronglit steel. ITio 
engine is therefore more open for inspection 
when running, and is less massive in a])pearance 
than when tlie front columns are of cast 
iron also. The c.ondcnser is at the back of 
the engine, and is carried u])on brackets 
forming part of the rear columns. The sea 
water used for (umdensing the cxliaust stream 
passes through the nests of small-bore tubes 
forming the eondonsing surface, and the 
steam is condensed on the exterior surfac^c's 
of these tubes. For cir(!ulating the condensing 
water a fdungcr pump is usually ])rovidc(l. 
This pump, together with the air pump and 
Honudimes also feed and l)ilg(^ ])umpH, is driven 
from one of the erosH-lieads by means of a 
lover and links. The pumps are arrangrvl 
under and at one side of the condenser. 
The duty of tlie air pum[) is to remove from 
the (umdenser such air as iiuwiiably finds its 
way in amongst the exhaust steam through 
the piston r’od and perhaps valve rod stulfing- 
boxes, and also tlu^ ciondotisrMl steaun. 
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The left end of the crank shaft of Fig, 22 
is coupled to the line shafting terminating in 
the propeller shaft. The propeller screws its 
way through the water and, in doing so, 
transmits a considerable thrust to the ship. 
Adjoining the engine is a thrust-block bearing 
in which a number of collars formed on the 
thrust shaft, the shaft directly coupled to the 
crank shaft, bear against an eo[ual number of 
fixed bearing surfaces, so transmitting the 


RECIPROCATING 


A special inertia governor is sometimes em- 
ployed to check the “racing” of the engines, 
which occurs if the propeller be momentarily 
lifted out of the water by the pitching of the 
vessel during rough weather. This governor 
operates a disc throttle valve placed in the 
main steam pipe close to the engine. Many 
engineers prefer hand control of tlie throttle 
valve and do not fit a governor. In the illus- 
tration the vertical rod to the right of the 



FiO. 22. — Triple Expansion Marine Engine. Designed and built by Messrs. The North- tlaHi<‘rn Marine 
Engineering Co., Ltd., Wallsend-on-Tyno, England. 


thrust of the collars to the thrust block and 
thence to the ship itself. The crank shaft is 
in three sections. To facilitate overhauling of 
the engines when in port, a small simple engine 
is provided at the left end of the main engine. 
The small engine drives a worm which, by 
gearing into a suitable wheel secured to the 
crank-shaft coupling, is able to slowly rotate 
the main engines to any desired position for 
inspection. 

The ordinary forma of governor used for 
land engines are unsuited for marine service. 


right column is connected at the upper end 
to the small lever of the throttle valve. At 
the lower end of the vertical rod is a hand 
lever. No governor is provided. 

The Stephenson pattern link motion is fitted 
for reversing. The detail is slightly difTorent 
from that of Fig. 12. The reversing shaft is 
at the back of the engine. It rcc^<HV(^H vil)ra- 
tory motion from a small steam engine placed 
on the main engine bed -plate and midway 
between the middle and right froTit/ columns. 
The handwheel of the (mgino is specially 
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prominent. Tliis simple engine, through a arranged to give a large opening for a small 
worm, di'ives a wheel to which is fixed a crank travel. 

])in. A rod connects this crank pin with the § (10) Newcomen’s Enoine. — The first 
arm fixed to the reversing shaft. The arrange- successful and practical reciprocating steam 
mont is such that whilst the crank pin de- engine was invented and constructed early 
scribes a circle the end of the lever of the in the eighteenth century by Thomas New- 
reversing shaft vibrates through about 90®. comen. The steam pressure was low — rarely. 
As there are no stops for the reversing links in fact, did it exceed that of ilie atmosphere, 
to strike against, this gear is very convenient. Rapid development was delayed because of 
it is called the “ all round ” reversing gear, inability to obtain steam generators capable 
Tlie engine as a whole can be linked up by of working at pressures above that of the 
the reversing gear, as in the locomotive, atmosphere. In the early days of the New- 
Somotimos it is considered advisable to alter comen engine an attendant was required to 
independently the cut-offs in the three operate the control valves, but eventually the 
cylinders, and a simple provision is made for engine was made self-acting by introducing 
this to be done without interfering with the valve-operating rods attached to the overhead 

beam. About the 
year 1711 the New- 
comen engine began 
to be used for the 
pumping of water 
from mines, and for 
about three - quarters 
of a century it was 
the best prime mover 
in this country. 

Fig. 2 4 shows 
schematically the 
Newcomen engine. 
The piston is shown 
at the top of its 
stroke. Steam is 
generated in the boiler 
A, whence it passes 
through the control 
valve V, when re- 
quired, into the cylin- 
der C. When the 
cylinder is full, the 
control valve V is 
closed and a jet of 

possibility of immediately reversing the engine cold water is sprayed into the cylinder 
as a whole.' through the spray pipe S. The steam in 

The high-pressuro cylinder is fitted with a consequence is condensed and a slight vacuum 
piston valve. A ty])ical piston valve is Jllus- (dependent upon the fit of the piston in 
tratod in Fig. 23. The steam supply enters the cylinder) is formed under the piston P. 
at S. The exhaust edges of the valve are the The pressure of the atmoRfihoro, acting directly 
outside edges in tbia instance. The arrange- on the exposed surface of the piston, forces 
ment shown keeps the high-temporaturo steam the piston to the bottom of the cylinder. The 
away from the valve rod stuffing-box. The condensed steam and the injoiJtion water escape 
valve works within a liner which is fitted for from the eylinclor hy the CBcapo valve E and 
ease of renewal in case of w’oar. A partial pass into tlio feed -water tank F. At opposite 
doveloptueiit of the liner is shown, from which ends of the oscillating beam .B arc attached 
th(^ slojic of the cotmeeting bars between the by chains the weighted mine pump rods M 
port slots will be noticed. The angle is arranged and the piston. The weights of the parts 
so that ridges will not be formed on tlie surface attached to the beam are so arranged that on 
of th('i rcHuprocjating valve. The separate steam completion of the down stroke, when steam is 
and exhaust o[)enings cnit in each end of the admitted again to the cylinder, the jiiston is 
valve liner allow for a long guiding surface to readily taken to the top of its strolce. 
be given to the valve. In principle the valve No attempt is made in the Newcomen engine 
is a simple D-slido valve. The valves for the to use the expansive properties of steam, the 
intermediate and low-pressure cylinders are function of the steam used btiing merely to 
double-ported, fiat - slide valves, i.e. valves 1 facilitate the formation of a vacuum, beak- 
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age of air into the cylinder is preyeiited hy 
sealing the upper surface of the piston with a 



Fig. 24-. 


single acting, hut tlu^ top of the eylinder is 
closed. The closing of the (‘.ylinder tof) and 
the providing of a stca,in jacket surrounding 
the cylinder body koeiis both piston aiul 
cylinder warm. The steam acting on the 
upper surface of the ])iston takes the ])la(*.o of 
the atmosi)here in the Newcomen engine. ( )nly 
the lower end of the cylinder is allowed to 
come into communication with the condonsoT*. 
Throe valves are used to control the steam, 
Vi, V 2 and V 3 . Vi is the steam valve, is 
the equilibrium valve, and V;, is the exhaust 
valve. All three valves are oiicrated by a 
plug rod P and tappet lovers (not shown). 
The plug rod receives its motion from the 
overhead beam B. The method of o})orating 
the engine is as follows, commencing with the 
piston at the top of its stroke and ready to 
start on the down stroke : the equilibi'ium 
valve Vg is closed, the exhaust valve V;, is 
opened to allow the under side of the piston 
to be subjected to the vacuum of the con- 
denser 0 into which the oseaxung steam from 
the under side of the piston flows. The stesam 
valve Vi is opened, and the steam glassing on 
to the upper side of the piston forces the 
piston down to the bottom of the stroke. 
Here the two ojicn valves are closed and the 
equilibrium valve is opened, so allowing 
gravity acting through the weighted ])uinp 
rods M to bring the piston to the top of its 
stroke. For removing llie condonsed wahu' 
and condensed steam, and any air that may 
have entered into the cylinder and condtuiMor*, 


layer of water. The heat wastage due to the 
alternate use of the cylinder as a steam re- 
ceptacle and as a condenser is enormous, and 
the thermal efficiency of the engine is corre- 
spondingly small. The Newcomen engine is a 
single-acting atmospheric engine. 

§ ( 11 ) Watt’s Engine. — James Watt dis- 
cerned its inherent defect when repairing a 
model of the Newcomen engine for Glasgow 
University. In 1769 he patented his improve- 
ments, and in his specification laid down basic 
princiiiles which to the present time have 
determined the development of the steam 
engine. Although his patent was of far- 
reaching importance, for a few years it re- 
sulted in nothing more than an improvement 
of the Newcomen type of engine— still single 
acting, with steam carried the full stroke, ^ -.y., 
only suitable for jiiumpmg, hut able to make 
an increased number of strokes per minute 
and less wasteful of heat than formerly. His 
separate condenser was generally worked by 
injection, although ho saw the potentialities of 
the surface condenser and even made a model 
condenser similar in essentials to those used 
with modern marine engines. 

IHg. 25 shows the Newcomen engine as 
improved by Watt in 1769. The engine is 
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an air pumj) A is providc^d. TIh^ dischargo 
from this punq) is into the hot well H, from 
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whic^h tlio food piiniji F draws its suj)i>ly of 
hot water for feeding the boiler. 

Watt saw a niultitude of uses for his engines 
if the reciprocating motion of his piston 
rod could be changed to the rotary motion 
of a shaft. To achieve this end ho devised 
the crank and connecting - rod mechanism, 
although retaining the overhead beam, but 
on some one patenting Watt’s device ho pro- 
duced the sun and planet wheel mechanism 
and ])atcnted the detail in 1781. On the expiry 
of the patent relating to the crank and con- 
necting rod, tlu^ sun and planet mechanism 
was discarded and the crank and connecting 
rod came into ])racticaUy universal use as a 
re(‘.iprocating engine mechanism. 

Watt’s next object was to eliminate the 
wasted stroke of his single- 
acting engines of 17(50, and in 
1782 ho patented his double- 
ac-ting engine. At this time he 
also patented the idea of using 
steam expansively, i.e. of 
admitting live steam only for 
a poi'tion of the stroke of the 
])iston and allow- 
ing t]i(‘ (luanilty 
admitted to con- 
tinue doing work 
l)y (‘xpansion until 
the piston roa.ches 
the end of its 
stroke. In view 
of each stroke now 
being a ])ower 
Htr(>k(^ the original 
chain form of oon- 
m^c.tiou between 
tli(^ f)iston rod 
and the oscillating 
beam was no longer feasible. 

To tak(^ its place ho devised 
the Ho-(^allod parallel motion. 

^riio func'.tion of the ])arallcl 
motion is to guide the npj)or 
etui of the piston rod so that, 
whatever the angle the beam 
may make (witliin the designed 
limits) the end of the piston rod is not 
dellectod from tbo vertical. The pressures 
at wlncih bis engines worked rarely oxeoodod 
seven ])otmdH per square inch above the 
atmospluwc, although ho was well aware of 
tlui advantages ()f using steam expansively, 
t’urthor patents wcr(^ the throttle valve for 
ngulating the admission of steam to the 
engine (cylinder, and the centrifugal double 
ptmdulum governor for controlling the engine 
speed by operating the throttle valve. lie 
also devised the first itulicator for nnording 
gra])hically tlu^ state of affairs existing within 
ifho engine cylinder at any part of the stroke. 
To Watt is due the present method of rating 


the duty of engines — the horse-power. He 
defined one horse power to be the raising of 
33,000 pounds through one foot in one minute. 
In partnership with Matthew Boulton he 
carried on as a commercial venture the manu- 
facture and sale of his engines at works in 
Birmingham. 

Watt’s double - acting engine of 1782 is 
shown diagrammatical ly in Fig. 20. In addi- 
tion to the then customary arrangements for 
pumping, a continuous rotary motion of a 
sliaft is provided through the medium of his 
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sun and planet wheel mechanism. Valves 
and Vji ar(^ steam valves ; Va and are 
(exhaust valves. Cloramcnoing with the piston 
at the top of its stroke the cycle of events is 
as follows — exhaust valve and steam valve 

Vji are closed, and steam valve Vi and exhaust 
valve are o])enod. 8toam may now enter 
the cylinder above the '[listen an(l press down 
the piston, the steam from the previous stroke 
meanwhile exhausting into the (iondenser G 
through the exhaust valve V^. The purpose o£ 
the injoetion jet iJ is to condense the steam. 
The steam valve Vt may bo closed before the 
completion of the -[li.sion stroke and the expan- 
sive properties of the steam used to complete 
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the stroke. For the return stroke the steam 
valve V 3 and the exhaust valve Vg are opened 
and valves and V 4 are closed. When the 
engine has been thoroughly warmed up and is 
under way, the opening and closing of the valves 
is performed automatically by a plug rod P 
driven by the oscillating beam B. The plug 
rod moves levers connected to the valves and 
so operates the valves. The engine speed is 
controlled by a centrifugal pendulum governor 
G driven from the engine shaft by a belt. 
The governor actuates a throttle valve T 



Fig. 27.— Cross-section of yteam and Exhaust 
Passages of Watt’s Double-acting Engine. 

placed in the steam pipe S, near the cylinder. 
The throttle valve consists of a disc mounted 
on a spindle working within the steam pipe. 
The angular displacement of the disc from the 
closed to the open position is about ninety 
degrees. 

§ (12) Hornblower’s Engine. — To 
Jonathan C. Homhlower belongs the honour 
of making the first compound engine. His 
engine, patented in 1781, consisted of two 
cylinders of different diameters placed side by 
side, the steam doing w^ork successively on the 
two pistons. Both pistons were coupled to 
the same end of an overhead oscillating beam. 
Owing to an infringement of Watt’s patents 
the expansive condensing engine introduced 
by Homblower was abandoned for many years. 
About the commencement of the nineteenth 
century the idea was revived. To what extent 
Homblower appreciated the advantages of the 
compound engine is uncertain, but nevertheless 
his work marks the greatest advance made in 
reciprocating steam-engine construction since 
Watt apj)lied his genius to improving the 
Newcomen engine. 

The revival of the compound engine did not 
pass unchallenged, and its competitor proved 
itself to bo so satisfactory under the prcvail- 
ing conditions that coTn])oimding again fell 
into disuse. Its competitor was the single- 
cylinder high-pressure engine, which, at this 


time, had the advantage of simplicity coupled 
with unusual economy. Tnti’oduccd originally 
by Richard Trevithick for pro])elling voliiclca 
along roads, it ovcmtually, when modified 
somewhat, took the form of a i)umipiiig engine 
and for many years held sway under tlio name 
of the Cornish ^minping engine. 

§ (13) The Cornish En(jine. — In the 
Cornish pumping engine, as was customary 
at that time, the cylinder was placed to 
work on to one end of an overhead beam. 
At the other end of the beam was attaeliod 
the usual heavy pump rod working a pump 
placed at the foot of the mine shaft, fidio 
down stroke of the piston was duo to steam 
being admitted above the })iston ; on the 
stroke being completed the two sides of tho 
piston were placed in equilibrium by oi)ening 
an equilibrium valve similar to that used 
in Watt’s single-acting engine. Tho heavy 
pump rods, under the action of gravity, 
descended, doing work in their doseont and 
bringing the piston again to the top of tho 
cylinder ready for another power stroke. The 
valuable expansive properties of the steam 
were used by cutting off tho sup])ly of steam 
early in the stroke. This, combined with tho 
relatively high initial pressure used, and tho 
beneficent effects in the present engine of tho 
inertia of the large moving masses employed, 
resulted in imuaual economy. A small plunger 
pump was used for controlling the frequenc'-y 
of the engine strokes. The plunger of tho 
control pump was raised by tho engine beam ; 
the descent of tho plunger was controlled by 
the rapidity with which the fluid under tho 
plunger was allowed to escape thr’ough an 
adjustable orificio. The steam and exhaust 
valves were controlled by levers and eatcihes 
which tho idungor in descending o])oratod. 
The plunger control pump was called a 
cataract. A similar pump was used for work- 
ing the equilibrium valve, and was set so that 
a decided pause occurred when the pump rods 
were at the to]) of their stroke, thus allowing 
time for the pump cylinder to fill with wat(u‘. 
Whilst the elfioit'nci(‘H of 1 ;hese engines were 
undoubtedly very good, some of the claimed 
results of tests are of so sfartling a ('Imrae-bu* 
as to cau.so the trial data to be rc'gardtHl with 
suspicion. Thcsc'i cMigines played a f)romin('ni 
part in tho dovelopmont of tlu^ Ht(^am (aigine 
as a reliable prinui mover, and ('HjxH'.ially 
drew attention to the advanta,g(\s accruing by 
tho usd of high-j)resHur'C steam oxf)ansively. 

§ (14) M'NAmmx’H Encjini^.- About the 
middle of the nineteenth century tlu'i second 
revival of the compound engine took place. 
Facilities for gemerating st(‘.am at higher 
j)rossurcs than had been common hitherto, 
the need for augmenting tlu^ pow(‘r d(weloped 
by existing macliimwy, and the cry for 
greater oeonomy in steam consumption — 
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thcsb, and other factors, led M'Naught in 1845 
to improve the existing Watt beam engine by 
addmg a high-preasuro cylinder. The piston 
rod of this cylinder was connected to the 
engine beam at some convenient position, the 
stroke of the now cylinder being made to 
suit the position chosen. After working ex- 
pansively in the high-pressure cylinder the 
steam passed into the original cylinder, now 
the low-pressure cylinder, to do further work 
before exhausting into a condenser. As might 
be expected it was found that the many engines 
so treated had their total jiowor greatly in- 
creased and showed a material gain in thermal 
efliciency. Compound engines now came into 
general xise, and their advantages became more 
})ron(ntnc<Kl with the advent of still higher 
boiler pressures. CD onorally, with the exception 
of locomotives, the majority of large engines 
are now stage expansion engines. In the loco- 
motive factors exist which render the stage 
expansion idea difficult to apply. The largest 
d(welopment of the reciprocating compound 
engine has been in the marine sorvico. The 
oscillating beam is no longer used ; through 
th(^ medium of Watt’s e-rank and coimocting- 
rod mechanism rotary motion is produced 
wif.hout Uk'i intervention of the beam. Modem 
ctigincs are very dilTeront in ap})oaranoo from 
those of the early days, occupy loss space, 
weigh loss per unit of power developed, and 
are much more economical in steam con- 
sumption, but lot it bo remembered that the 
debt wo owe to those idealists and engineers 
of the j)aHt two centuries is groat. 

Tlu^ development since the middle of the 
nineteenth (jontury has boon more in the 
direction of size of unit rather than in the 
application of hitherto unoonsidered principles. 
With incrcaHo in skill in boiler-making and the 
ability t ;0 obtain boiler material of a quality 
and ndiability unknown to the earlier boiler- 
makers, steam i)ressuros gradually increased 
until now prc^HHurcH of 200 pounds i)or square 
inch are common. The two-stage expansion 
engine has given place to the throe- and some- 
times the four-stage expansion engine, with, 
naturally, ineroasod heat olfioioncy. The ad- 
vantages of superheating the steam, i,e. heat- 
ing the steam above the temperature duo to 
formation, have boon invosti gated, and desinto 
much discouragement the designing and 
operating of superheated steam plants has 
reetu’ved considerable attention. The results 
as regards heat eilicioncy hav(^ been encourag- 
ing, and rapid dovclopmcnt is assured. 

bulk of steam-engine development has 
})con due to the activities of the Rritish. In 
ndatively reecmt years others, however, liavo 
entered the field to aid in the advancement of 
applied H(ucnc(^ In 1885 L. Todd, realising 
tile almost thermal instability existing in the 
ordinary form of reenproeating engine cylinder, 


attemiitod to overcome the inherent defect by 
inventing and making the one- directional-flow 
engine, usually called the una-flow (or some- 
times the uni-flow) engine. In the ordinary 
form of engine there is frequent and con- 
tinuous reversal of steam flow so long as the 
engine is running. This materially affects the 
heat efficiency of the engine. In his engine 
he has arranged the steam flow so that it is 
always in the same direction. The results of 
his researches during the few succeeding years 
were unheeded, and it was left to German 
engineers to continue his labours and by care- 
ful and precise effort to bring his ideas to 
practical achievement. Continental engineers 
have shown remarkable perseverance and in- 
genuity in perfecting this important form of 
engine. The unusual features are that the 
steam ends of the cylinder are always hot and 
the exhaust portion of the cylinder always 
cold, and that the ratio of expansion in a 
single cylinder is as great as that usually 
found over the cylinders of a triple or quadruple 
expansion engine of the ordinary alternating- 
flow pattern. Only recently have British en- 
gineers turned their attention to the design 
and manufacture of the una-flow engine, and 
in 1920 there was in process of manufacture 
a larger una-flow engine than had hitherto 
been constructed. It is said that up to the 
end of 1911 una-flow engines aggregating over 
one half-million horse-power had boon made 
or wore in process of manufacture. 

§(15) Stephenson’s “Rooicet.” — As has 
already been mentioned, Trevithick apjilicd 
the reciprocating steam engine to the pro- 
pulsion of road vehicles. It was not, how- 
ever, until 1829, twenty-live years after Trevi- 
thick had shown the possibility of steam- 
driven vehicles, that the question of horse 
versus steam traction for railways was de- 
finitely settled. In this year locomotive trials 
wore conducted, and the engine, "Rocket,” 
made by George Stephenson, proved itself 
vastly sui)orior to all competitors and gave a 
general outline to the locomotive which persists 
even yet. The cylinders of the early loco- 
motives wore placed vertically ; in the Rocket 
they wore inclined and afterwards jflaced almost 
horizontally. The exhaust from the engine 
csylinderH was used to accolcrato the draught, 
so giving a ready combustion of tlio fuel, evou 
with a small boiler. Stephenson’s boiler was 
a multi-tubular one. The products of com- 
bustion j)aHHod through those tubes on the 
way to the chimney. The tubes provided a 
largo heating surface, and in this rosj)Oct his 
boiler was in advjinco of contemporary boilers. 
A crude arrangement of gabs was provided 
to facilitate reversing the direction of motion 
of the engine. This arrangement eventually 
dovelopc<l into the now common link-motion 
reversing gc^ar. T’ho link motion also has the. 
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advantage of allowing varialiiotx in the ratio 
of expansion to bo made without stop]>ing the 
engine. The raaiiufaeture of locomotives was 
taken up by his son Robert Stephenson at 
Newcastlc-on-Tync, and had a far-rcaching 
effect upon the commercial expansion of Groat 
Britain. Restrictions in loading gauge have 
cramped the development of the locomotive 
in Great Britain, but Avhere the restrictions 
have not been so severe the steam locomotive 
has become extraordinarily i)ower£ul and of 
considerable bulk and weight. 


for certain marine smwiees it has been super- 
seded by tlie steam lurbim^ and th(^ inttu*nal 
combustion (Migine. Us days are, howovcsr, 
by no means ov(‘r, and for sevi'ral classes of 
work it will not rctadily be replaced. 

Although locomotive and marine engdnes 
may justly claim tlu’t bulk ol th(‘. powcu’ of the 
rocii)rocating engines manufactured, the oilier 
aorvLces to which this form of engine has Ixam 
applied are legion, and in tlie aggregati'i the 
power developed is enormous. Maeh well- 
delined branch of industry has its own p(Hnilia,r 



Fio. 28. — George 8tej)hcnsou’s Rocket.” 


§ (16) The First Marine Engine. — 
Another natural application of the steam 
engine was to the propulsion of ships. The 
first practical application was to a tug, Char- 
lotte Dimdas, w’hich was tried in the Forth and 
Clyde Canal in 1802. A Watt douhle-acting 
condensing engine was installed. It was ])laced 
horizontally, and by means of a connecting 
rod drove the crank of a shaft carrying a 
paddle wheel placed at the stem of the vessel. 
The trial was successful, but outsido interests 
prevailed, and steam towing was abandoncnl. 
In 1807 an American, Robert Idilton, ])reparod 
a vessel on tho Hudson River for engines made 
to his design by Boulton and Watt. His 
venture was a success, and for the first time 
steam navigation v^as commercially feasible. 
Since then imjirovomonfcs have been in design 
rather than in ])rinciple. Tho modern marine 
reciprocating steam engine is wonderfully 
reliable, and (lompares very favourably in 
economy with tho best of land engines, yet 


requirements to be satisfied, and lumco it is 
that there is so much variation in tho didail 
of land engines. Unquestionably, many of tlu^ 
smaller size engines ar(‘ inherently wasteful, ami 
the wastage is frer|uently ampliliial by lack of 
knowledge and sheiu’ indifference on tlu^ jiart 
of owners and attendants, ycd; tli(‘y I’ctabi 
their position as [irime moveu’s Ixnauisi^ of tludr 
freedom from break-down and tlu'ir ile.xihility 
in operation. ^ 

kSTFAM ENGINF, TIIMORY OF 

§ (1) iNTHOPTTdTtON. ■ TllO tluxu’y of tllO 
steam ongiuo considcu'ixl as a luud. (mgims 
that is to say, considered as an appliance 
by which work is done ihinugh tlu^ agimey 
of heat, is a developnuuit of “Thermo- 
dynamics” (f/.e,). ^riu' engiiu^ may bo of 
the ])iston and cylimhu* typ(S when^ work 
is done during tlu^ (expansion of tlu^ working 
substance and as a dinxd result of that 
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expauHioii, in coiiHCtiuenco of iJio ])regjaurc 
\vluc*,h tlio Huhatanco oxoi-ta on its containing 
envelope, part of wliieh moves so as to increase 
the volume of the contents. Or it may be of 
the turbine tyi)e, whore a stream of the 
W(U’kiug substance ac(]Luiros kinetic energy by 
passing from a region of comparatively high 
proHHuro to a region of lower ])rosHure, and 
work is (lone by tlio impulse or reaction of 
the stream on moving vanes. In either case 
the action is governed by the First and Second 
Laws of 'rhemiodynamics. A fraction of the 
heat which is supplied to the working sub- 
stanc'.c^ disappears as heat, by being converted 
into tlie mechanical form of energy which it 
is tlie function of the engine to ])roduce ; and 
the principles which determine how large that 
fraction may bo are those laid down by Carnot 
in his discussion of the conditions under which 
an engine will most efficiently perform work 
by the agency of heat. In either case it has 
to be rcciogniscd that the fraction convertible 
into work is limited by the iemporaturc at 
which the working substance takes in heat 
from the source, Uiiul the lower temperature 
at which it rej(‘ets thc! unconverted remainder, 
and also that the ideal limit of ellieicncy which 
tliese tempcH'atures impose will bo more and 
liiore closely approached the more nearly thc 
actions that o(icur within the engine arc 
rovorsiblo. If all the lioat which the working 
Hubstamjc takes in wore taken in at an ahsoluto 
temperature and all the heat which it 
rejee-ts were rejected at an absolute temperature 
Ty tlie ideal limit of efficiency would bo 



as is sliowii in “ Thormodynamios,” § (20). 
in S (dO) of that article an imaginary ro- 
versible stcMim (mginc is deserihed, in which 
heat is taken in by evaporation of the work- 
ing substance at a tomperaturo and is 
r(\je<dod by eomkHisation of the working 
HubstaiKio at a temperature Within that 
imaginary engine there is no irrovorsihlo 
feature j the substance clianges its tom- 
poraturo from Tjl to T^ adiabatic ex- 
pansion, and from Tg back to Tj by adiabatic 
comjircssion. 

No real engine works in a strictly rever- 
sible manner, and the ideal otricionoy which 
eorn'spouds to reversible working is to be 
reganled as a standard by comparison with 
wliief). the actual i^eiformancui should be 
judged. The actual enieicnciy, namely the 
actual ratio of work done to heat supplied, 
may bo measured by observing thc indioatod 
horsespower, the (xiiantity of steam supplied, 
ajid the conditions as to temperature and 
lU’CHHuro of the supply. The actual elliciency 
will necessarily be less than the ideal (efficiency 
which corresponds to reversible w(jrking under 


the assigned conditions as to supply and 
rejection of heat. Its ratio to the ideal efficiency 
is called the ‘ ' Efficiency Batio. ’ ' The efficiency 
ratio is an important criterion of peiformanco, 
but it must be borne in mind that when one 
engine is compared with another, we are 
concerned not only with the efficiency ratio 
of each, but also with the ideal standards, 
which, may differ widely owing to differences in 
the conditions under which the engines receive 
heat or reject it. 

§ (2) Cycle oe Operations (Carnot). — If 
the heat which thc working substance of a 
steam engine takes in were exclusively the 
heat of evaporation of the steam, wffiich is 
received at the temperature of the boiler, it 
would bo proper to take the efficiency of the 
Carnot Cycle, namely (Ti-T 2 )/Ti, as the 
ideal standard with which the actual efficiency 
should be compared. But this would require 
the feed-water to bo already at the temperatiire 
T\ before it begins to receive heat, a condition 
which requires all the operations to occur in 
a single vessel, as in thc imaginary engine of 
Carnot. When the organs are separated into 
boiler, cylinder, condenser, and feed-pump, 
adiabatic comprcssioiL from Tg to T^ becomes 
imj)raetic‘ablo, and in lieu of it wc have, as 
an essential part of the cyclic' process, the 
heating of thc feed-water from Tg to T^ by 
direct aj)plication of heat. Thus the cycle to 
bo considorod is one in which part of the heat 
is necessarily received at temperatures lower 
than Tjt, namely that part of the heat which 
servos to warm the feed-water up to the 
temperature of the boiler. It is easy to imagine 
an ideal cycle of operations in which the 
working substance takes in heat in this manner 
but in which the internal actions are com- 
l)lotcly reversible. 

Taking thc C-aimot cycle with its four opera- 
tiems, as described in “ Thermodynamics,” 
§ (40), let it bo modified as follows. Let the 
first and second operations occur as they do 
there, namely the vaporisation of the water 
at T^, and the ox])ansion of the steam from 
Tjl to Ta; but lot the third operation, namely 
the condensation at Tg, bo continued until the 
steam is wholly (‘.ondc^nsod. The substance 
then consists of water at Xg, and tlic ctyelo is 
complotod by heating it, in tlu^ c.onclition of 
water, from Tg to Ti- In an engine where all 
the operations oc(mr in a single vessel this 
could be done by incapasing thc i)rossvirc 
ox(u*ted l>y the ’i)iBt()n from Bg to bc^foro 
ai)plyiug the hot body ; this j)rcventH steam 
from forming during the boating of the water. 

The indicator diagram of the cycle modified 
in this manner is shown in 1. There ah 
is the operation of forming steam, from water, 
at T\ and Pj ; be, is adiabatic exjiansion from 
l\andl\ to Tg and Pg- Paring this operation 
part of the steam becomes condensed. Then 
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ce completes tlie condensation at Tg and Pg* 
In the fourth operation the pressure of the 
condensed water is raised from P 2 to P^ and 
its temperature from T 2 to T^. During that 
operation the change of volume is negligible 
in comparison with that which takes place 
in the other operations. 

The entropy-temperature diagram (see 

J 


ii 


riQ. 1. — ^Indicator Diaejram of Ideal Steam Engine 
\vith complete Adiabatic Expansion. 

operations. As in the Carnot cycle, ah repre- 
sents the conversion of a pound of water at 
Ti into dry saturated steam at T^, and 6c 
represents its adiabatic expansion to T 2 , 
resulting in a wet mixture at c, the dryness 
of which (that is to say, the fraction that 
is present as vapour) is measured by the ratio 


“ Thermodynamics,” § 
(26)) for this modified 
cycle is shown by a6ce, 
fig. 2, where the same 
letters as in fig. 1 are 
used for corresponding 



Fig. 2. — Entropy -temperature Diagram for Ideal 
Steam Engine with Complete Adiabatic Expan- 
sion. 


eejea. Then ce represents the complete con- 
densation at T 2 of the steam in this wet 
mixture, and ea, which practically coincides 
with the boundary curve, represents the re- 
heating of the condensed water from T 2 to T^. 

The working substance behaves reversibly 
throughout all these' operations, and therefore 
the work done in the cycle is represented by 


the closed area ahot in the entropy-tem])oraturo 
diagram of fig. 2. The diagram further 
exhibits the heat taken in and the boat 
rejected. The whole heat taken in is measured 
by the area Imhn^ the base lino In being drawn 
at the absolute zero of temporaturo, and of 
this the area Uam measures the heat taken 
in during the last operation, while the water 
is being reheated, and the area nmh% measures 
the heat taken in during the first ()[)oration, 
while the water is turning into steam. Tlio 
area ned measures the beat rejected, namely 
during the condensing process ce. 

An important algebraical expression for the 
work done in the cycle is obtained by making 
use of the “ total-heat ” function I, explained in 
‘‘ Thermodynamics,” §§ (31), (38). In the indi- 
cator diagram of fig. 1, let the lines ha and ce 
be produced to meet the lino of no volume in j 
and h. Then by § (38) the area ghok. is an 
amount of work equivalent to the difference 
of total heats of the working fluid at h and c, 
I^-I^, namely the ‘‘heat-drop” of a pound 
of steam in expanding adiabatically from the 
condition at h to the condition at c, T^ho 
small a>xesbjaek (the size of which is exaggerated 
in the sketch) is (Pj - P 2 )Y„t 2 , where is 
the volume of a pound of water at T 2 . (We 
may take the volume of water to bo practically 
constant for the purposes of this calculation.) 
Hence the thermal equivalent of the work 
done in the cycle, per pound of steam, is 

I,-I„~A(Pi-P2)V.2. 

A being the factor for converting from units 
of work to units of heat. The same quantity 
of heat is represented in the ontropy-iorn- 
perature diagram, fig. 2, by the area cabca. 

§ (3) Ranking Cycle. — This modified 
cycle is practically important booausc it is 
the nearest approach to a Carnot cycle that 
can be aimed at when the operations of boiling, 
expanding, and condensing are conducted in 
separate vessels. The ideal engine already 
considered had one organ only — a eyliudor 
which also served as Ixuler and as eond(‘ns(x*. 
Wo coino nearer to the couditions that liold 
in practice if wo tliink of an (Migine witli 
separate organs, shown diagram inati(*, ally in 
fig. 3, namely a boiler A la^pt at a non- 
conducting eylindor and piston B, and a. 
surface condenser C kept at IV Tt) tlu^sc^ 
must bo added a food-pump I), which r(‘.turriH 
tho condensed water to the boiler. Provision 
is made by which the cylinder can be put into 
connection with tho boiler or coudcnsc^r at will. 

With this engine tho cycle of fig. 2 can bo 
performed. An indicator diagram for the 
cylinder B is sketcduxl in fig. 4. 

8team is tidmiitod from the boiler, giving the 
line ^'6. At b cut-olT ” occnirs, that is to say 
tho valve which admits steam froiti the boiler 
to tho cylinder is ck)8od. Tho stoam in tho 
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cylinder is then expanded adiabatically to 
the pressure of the condenser, giving the lino 
be. At c the “ exhaust ” valve is opened 
which connects the cylinder with the con- 
denser. The piston then returns, discharging 
the steam to the condenser and giving the 
line cL The area jhc/c represents the work 
done in the cylinder B. The condensed water 
is then returned to the boiler by 
the feed-pump, and the indicator | 

diagram showing the work ex- 
pended upon the pump during 
this operation is sketched in Fi(j. 

5. It is the roc‘.tangle keaj, whore 
Jee represents the up - stroke in 
which the pump fills with water 
at the pressure Pg, and aj repre- 
sents the down- 
stroke in which 
it discharges 
water to the 
boiler against 
the pressure Pi- 
If we superpose 
the diagram of 
the puni]) on 
that of the 
cylinder wo got 
their dill’orenco, 
namely ahee {Fig. 1), to represent the not 
amount of work done by the fluid in the cycle. 
It is the oxoofls of the work done by the fluid 
in tlu^ cylinder over that spent upon the fluid 
in the pump. 

This cycle is commonly called the Rankino 
Oye.le. Like the (lamot cycle it represents an 
i(ieal that is not practically attainable, for 
it |)OHtulates a (jomploto absence of any loss 
tlirough transfer of heat between the steam 
^ and the surfaces of 

j\ cylinder and piston 

or through irreversi- 
bility in the motion of 
the working fluid. But 
it affords a very valu- 




ahl<^ criterion of performance by furnishing a 
standard with which, the cfllcioncy of any real 
(uigino may ho coTuparod — a standard whu^h 
is loss exacting than the cycle of Oarnot, but 
fairer for comparison, inasmucli as the fourth 
stage of the darnot cycle is necessarily omitted 
when the steam is removed from the cylinder 
hofou^ condensation. A separate condenser is 
indiHp(mHahl(^ in any real engine that protends 
to edieienc^y. 

llio use of a separahi condensin’ was in 


fact one of the great improvements which 
distinguished the steam engine of Watt from 
the earlier engine of Newcomen, where the 
steam was condensed in the working cylinder 
itself. The introduction of a separate con- 
denser enabled the cylinder to bo kept com- 
paratively hot, and thereby reduced immensely 
the loss that had occurred in earlier engines 
through the action of chilled 
cylinder surfaces upon the enter- 
ing steam. But a separate con- 
denser, greatly though it adds to 
efficiency in practice, excludes the 
compression stage of the Carnot 
cycle, and consequently makes 
the Ranldne cycle the proper 
theoretical ideal with which the 
performance of 
a real engine 
should be com- 
pared. 

The efficiency 
of the Rankino 
cycle is less 
than that of a 
Carnot cycle 
with the same 
Pig. .s. limits of tem- 

perature. This 

is because, iu the Rankino cycle, the heat is 
not all taken in at the top of the range. In 
the Rankino cycle, as in Carnot’s, all the 
internal actions of the working substances are, 
by assumption, reversible, and consequently 
each element of the whole heat-supply pro- 
duces the greatest possible mechanical effect 
when regard is had to the temperature at 
which that element is taken in. But part of 
the heat is taken in at temperatures lower 
than Ti, namely that quantity of 
heat which is required to warm the 
water up to the temporaturo of the 
boiler. Hence the average efficiency 
is lower than if all had been taken 
in at Tj, as it would bo in the cycle 
of Carnot. 

Each ]>()und of steam that passes 
through the engine does a larger 
amount of work in the Rankino 
cycle than it does in the Carnot 
cycle. This will ho apparent when 
the areas are compared which represent the 
work in the corresponding entropy diagrams— 
the area ahra with the area ai)cd in Fig. 2. 
But the quantity of heat that has to bo snpidiod 
for each pound in the Rankino c-yclo is also 
greater, and in a greater ratio : it is measured 
by the area Uabn in Fig. 2, as against mabn. 
Hence the efficiency is less in the Rankino 
oyolo. In the Rankino cycle, of the whole 
heat-su])ply the part ham does only the eom- 
f)arativoly small amount of work eMd^ and the 
nunaindor of the hoat-supply, namely mabn. 


J 




Pig. 6. 
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does the same amount of work as it would do 
in a Camot cycle. 

To express the efficiency of a Rankine cycle 
we may take in the first instance one in which 
the steam supplied to the cylinder is dry and 
saturated. The whole amount of heat taken 
in is the quantity required to convert water 
at Pi and T 2 into saturated steam at Pi. This 
quantity is 1^1 ~ [Iy .2 + A(Pi - P 2 )Vj(, 2 ]j the 
total heat of the water at Pj and Tg is pereater 
than the quantity A(Pi - P 2 )Y„, 2 . I^i 

is the total heat of the steam as supplied 
from the hoiler. 

The work done is, as we have seen, equal to 
the heat-drop ^nmus the work spent in the 
feed-pump, or Igi - ~ A(Pi >- P 2 )V„, 2 , where 
Ig is the total heat of the wet mixture after 
adiabatic expansion. 

The efficiency in the cycle as a whole is 
therefore 

i,i-i,;2-a{Pi-P2)v,,2’ 
which is approximately equal to 



The feed-pump term A(Pi - P 2 )Yt,, 2 , which 
occurs in both the numerator and the de- 
nominator of this expression, is relatively st) 
small that it is often omitted in calculations 
relating to ideal efficiency, just as it is omitted 
in stating the results of tests of the performance 
of real engines. In such tests it is customary 
to speak of the work done per pound of steam, 
without making any deduction for the work 
that has to be spent per pound in returning the 
feed-water to the boiler. But to make the 
analysis of a Rankine cycle complete, the 
feed-pump term has to be taken into account, 
and it is only then that the area of the entropy- 
temperature diagram gives a true measure of 
the w'ork done. The heat-drop, by itself, is 
not an accurate measure of the work done in 
the Rankine cycle as a whole, nor is the 
heat-drop equal to the enclosed area of the 
entropy-temperature diagram, but to that 
area minus the thermal equivalent of the work 
spent in the feed-pump. 

If, however, we arc concerned only with the 
work done in the cylinder of the ideal engine, 
then the heat-drop alone has to ho reckoned. 
It is the exact measure of that work. The 
ratio of the heat-drop to the heat sxippliod 
shows what proportion of the supply is con- 
verted into work in the cylinder, under the 
ideal conditions of adiabatic action : it is a 
ratio nearly identical with the efficiency of 
the Rankine cycle, and oven more useful as 
a standard with which to compare the per- 
formance of a real engine. In the actual 
pdrfonmancc of any real engine the amount 
of work done in the cylinder necessarily falls 


short of the adiabatic hoat-dro]), because the 
working substance loses some heat to the 
cylinder walls. The extent to which it falls 
short is a matter for trial, and on <!0 tliat has 
been ascertained by trials of cngiiu^s of given 
types, estimates may bo made of the per- 
formance of an engine under cU^sign, xising 
the adiabatic heat-drop as the basis of the 
calculation, with a suitable allowanee for 
probable w^aste. 

§ (4) Total Heat : Wet Steam. — To deter- 
mine the ideal performance it is essential 
to calculate the adiabatic, heat-drop under 
any assigned initial and final conditions. Eor 
this purpose wo have to find I,., the total 
heat of wet steam after adiabatic expansion. 
To bring the mixture at c (Fiy. 2) into th<’) 
condition of water at e would require the 
removal of a quaixtity of heat e(|ual to the 
area under ec, namely T(c/) - r/),,,), where </> is 
the entropy at c, and <•/>„, is the (nitropy of 
water (at e). On the other hand, to bring 
it to the condition of saturated steam would 
require the addition of a (j^uantity of luuit 
equal to the area under namely T(</)g ~ (/>). 
Hence the total heat of the mixture at c is 

or I,. =Ig-T ((/)«- 0). 

Of those two expressions the second is tlie 
more convenient, because steam tabhvs geiu'rally 
give more complete sets of values of 0g than 
of 0,,,. 

The ontro])y 0 of the wet mixtui'o is tlu^ 
constant entrt)]>y under whic'h adiabatic ex- 
pansion has taken ifiaco : it is to bo (‘aleulated 
from the initial conditions. This method of 
finding the total heat, after a<liabalio ex- 
pansion, makes no assumption as to what 
the state of tlie steam was before expansion : 
it is equally valid whether the steam was 
dry, wot, or sux)orheated to begin with. 
What is assumed is that after oxj)ausi()ii the 
steam is wet, and that will in gcuieral be 
true oven if there bo a larger amount of initial 
superheat. It is also assiinuMl that the vapour 
and liquid in the wot mixture Jire in iiluu’mal 
equilibrium. 

If the steam is dry juid saturaUMl at ilu^ 
beginning of the adiabatic. oxf)anHion, its 
initial total heat is 1^, and the entropy through- 
out expansion is exjual to 0gj. Under these 
conditions the total luvit after adiabatic ex- 
pansion is 

I,, 1^2 i 2 ( 0^2 ~ 0j(l)> 
and the heat-drop is 

To take a nurmuneal (^xampU^ let the steam 
he supplicnl in a dry. saturated stah'i at a 
pressure of ISO pounds p(u' H((uare inch 
(absolute), an<l 1<4 it (expand adiabatically to 
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a pmsauro P.> of 1 pounrl por aquare inch, 
ai whi(!h it ia condcnacd. With those data 
wo iind from Oallondar'a Steam Tables 
that dV-4-()2“-58, To = 3ir-84, 9i„=:l-5620, 
1.9724, I,, =01246. 

Hon CO the total boat after adiabatic ex- 
pansion to tho assumed pressure of condensa- 
tion is 


I, = 612-r)-311-8(ld)724- 1-5620) =484-5, 
and tho heat-drop 

1,1 - 1, = ()68-5 - 484-5 = 184-0. 

If wo consider tho Rankino cyolo as a whole 
tho food-pump term A(Pi ~ is 

(180-1)144 X 0-0161 
1400 " “ 

Doduotinp; this from the heat-drop wo have 
183-7 i)otmd-(nilorioa aa tho thermal equivalent 
of tho not amount of work done in the Raukine 
cycle. 

Tho heat sui)plied is 
4il ■“ “ A(Fi - /t'2 

- 38-6 -0-30 = 629-6, 


and therefore the otlieioncy of tho Rankino 
cycU' is 


183-7 


629-6 


' =0-292. 


This liguro would bo s('.arcely altered if tli(‘ 
feed-pump term were loft out of ac^count. A 
(Hrnot cycle with tho same limits of tompora- 
tur<^ would have tho ollicicncy 0-326. Tho 
dilT(u*(mc.e hotw(^cn this and 0-202 shows the 
loss which reaults in tho Rankino cycle from 
not supplying all tho heat to the beat possible 
thormodynamu! advantage, namely at tho 
top of the temperatnro range. 

ij (5) R-ankine OvcTUi] : with Wet Sticam. 
— In tho Rankino cycle closc.ribod above the 
steam was supplied to tho cylinder in the 
dry-HJitnrated state, 15nt tho term “ Rankino 
cyc.le ” is cipially applicable whatever bo tho 
condition of the working STd)atanoe on ad- 
mission, whether wet, dry-aaturatod, or suj)or- 
hoatod. Ah regards the action in the cylinder, 
all tluit is assumed is trhat tho substance is 
admitti^l at a constant f)roHHure Rj, is ex])andod 
adiahatically to a pn^ssure and is discharged 
at tliat prc^Hsnro, and that in the process there 
is no transhu' of heat to or from the metal, 
nor any othcir irreversible action. In these 
(conditions tin- luvit-drop in adiabatic ('xpansion 
from \\ to 1\. is the tluwrnal (HpiivahTit of the 
iu'm jhrk in F.V/. l,aud th(u’(tore measures tho 
work don(^ in tho cylinder, no matter what 
the condition of tlic substance on admission 
may bo. 

A Rankino cyck^ for steam that is w(t on 
fid mission to Hu^ (ylinder is shown on tho 
(^ni/ropy-t(Mn[)<u’fitur(^ diagnim hy the ligure 
(i(/c(>, in AVf/. tk point (/ is placed so 


that the ratio of the length ab' to ab is equal 
to assumed dryness on admission. Tho 

line b'c represents adiabatic expansion from 
Pi to p 2 , ce represents condensation at Po, 
and ea represents, as before, the heating of the 
condensed water. The area with the shaded 
boundary is the thermal equivalent of the work 
done in the cycle. 

The total heat before adiabatic expansion 



Fio. 0. — Rankino Cycle with Steam initially wot. 


is 1,,.1 + 2 'iLi or Ifli - (1 “( 7 i)Li, and the heat 
supplied is tho excess of this quantity above 

I„, + A(Pi-tyV,„. 

entropy (/> during adiabatic expansion 
is 

‘I- 7iEi/Ti or - (1 - 

and tho total heat after adiabatic expansion is 

I«2 ~ 

Tho heat-drop is got by subtracting this from 
tho total heat before adiabfitic expansion. 

The oflieioncy (which, as before, is i)ractically 
equal to tho hojit-drop divided by the heat 
supplied) is slightly less than when tho steam 
is saturated before expansion ; tho reason 
being that tho jfroportion of heat supplied at 
tho uf)per limit of tomporaturo is now i‘ather 
less, heejiuse part of the wat(W rcunaius uncon- 
verted into Ht(^am. 

As a numerical example let the steam have 
tho same limits of i)roHsur(^ as before, but 
contain 10 per cent of water on admission. 
Then Qi is 0-0 and tho total heat per pound 
of the mixture before expansion, which is 
.l^^-(>-l.h„ Is 620-9, The heat supplied is 
()20-9 - 38-9 “=582-0. Tlic (Uitropy is 
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The total heat after expansion - T. 2 (<^a 2 ^ 

is 452-4 ; the heat-drop is therefore 168-6. 
Allowing for the feed-pump term, the efficiency 
in the complete Rankine cycle is 0-289, as 
against 0-292 when there was no initial 
wetness. 

In practice the steam supplied to an engine 
would he wet only if there were condensation in 
the steam-pipe, such as would occur if the pipe 
were long or insufficiently covered with non- 
conducting material, or if the boiler “ primed.” 
Priming is a defective boiler action which 
causes unevaporated water to pass into the 
steam-pipe along with the vapour. The above 
example will show that a moderate amount 
of wetness has no more than a small effect 
on the efficiency of the Rankine cycle. But 
its practical effect in reducing the efficiency 
of an actual engine is much greater, because 
the presence of water in steam increases the 
exchanges of heat between it and the metal 
of the cylinder, and consequently makes the 
real action depart more widely from tho 
adiabatic conditions which are assumed in 
the ideal operations of the Rankine cycle. 

§ (6) Rankine Cycle : Superheated Steam. 
— On the other hand, if the steam be super- 
heated before it enters the engine, the ex- 
changes of heat between it and the metal 
are reduced ; the action becomes more nearly 
adiabatic, and the performance of the real 
engine approaches more closely the ideal of 
the Rankine cycle. This is the chief reason 
why superheating improves the efficiency of 
a real engine of the cylinder and piston type. 
In steam turbines also it is beneficial, partly 
for the same reason, and partly because it 
reduces internal friction in the working fluid 
by keeping the fluid drier than it would 
otherwise be during its expansion through 
the successive rings of blades. Superheating 
is now very generally employed in steam 
engineering. It is therefore important to 
consider the Rankine cycle for steam that is 
initially superheated. 

In the entropy-temperature diagram, TPig. 7, 
the line hb' represents the process of super- 
heating steam that was dry-saturated at b. 
During this process its entropy and its tem- 
perature both increase, and when the pressure 
and temperature at any stage in the super- 
heating are known the corresponding entropy 
is found from the tables relating to stipcr- 
heated steam. If we assume that the pressure 
during superheating is constant, and equal 
to the boiler pressure, the line bh' is an exten- 
sion, into the region of superheat, of tho 
constant-pressure line ab. During the process 
of superheating the steam takes in a supple- 
mentary quantity of heat equal to the area 
under the curve bb% measured down to the 
base line, namely nbb'n'. This quantity of 
heat may also bo found from the tables, being 


equal to the excess of the total heat T// over 
that of saturated steam of the same pressure. 
Callendar’s Tables give values of the total 
heat of superheated steam, as well as its 
entropy, for a wide range of pressures and 
temperatures. During the subsequent process 
of adiabatic expansion h'r' the steam loses 
superheat, and if the process is carried so far 
that the adiabatic line through h' crosses tho 
boundary curve, it becomes saturated and 
then wet, and tho final condition is that of a 
wet mixture at c'. The total heat of this wot 



The work done in the Rankine cycle as a 
whole is tho area eahf/c\ and the heat taken 
in is the area Uabb'n'. Both those (piantities 
aro readily (‘.alculated without tho hc^lp of 
the diagram. To lind tho work done in tho 
cycle wo have only to cahmlato the heat-drop 
during adiabatic expansion, namely 
and subtract from that the sitiall term which 
is the thermal equivalent of tho work done in 
tho feod-pum]>, namely A(Ti ~ Tho 

heat supplied is 

Iy.-I„2-A(l\ 

x\s a numerical example we may again take 
P^ = 180 and Pjj -1, and assume that super- 
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heating m carried so far as to raise the tempera- 
ture of the steam to 400° C., which is a limit 
very rarely exceeded in practice. As a rule the 
temperature after su])erhcating is considerably 
lower than this. With these data the steam 
tables show that the total heat of the super- 
heated steam is 780-8 and its entropy is 1*7633. 
The heat supply is 780-8 - 38-9 = 741-9. After 
adiabatic expansion the steam is wet, and 
its total heat, which is 1^2 - T2(0„2 - 0), is 
547-2. The adiabatic heat-drop is therefore 
233-0. 

If we deduct the small feed-pump term 
(0-3) the efticiency of tlio cycle as a whole is 
233-3/741-9 = 0-3] 4. This is rather bettor than 
the figure foj’ saturated steam (0-292), because 
a portion of the heat is now supplied at a 
higher temperature. Even with the extreme 
amount of su])orhcating, however, which is 
assumed in this example, the main part of 
the heat is still sup]died at the temperature of 
saturation, and therefore there is no great 
gain in theoretical ehicicncy as expressed by 
the ideal iigure for the Rankinc cycle. The 
practical advantage of superheating is mueh 
more considerable, for reasons whi(‘E have 
alr(^ady been indiciated, than might be expected 
from this comparison of the two ideal cycles. 

Whatever the initial state be, whether 
dry - saturated, wet, or su])<u’heated, the 
internal action of the working substanco in 
the Raukino cycle is roversiblo. 

§ (7) Rankiniu Cycile Rev ions ibl 12. — An 
ideal engine ])erforming a Rankino cycle may bo 
ngarded as a strictly roversiblo engine taking 
in heat at various tomporatures and con- 
scapicntly extracting the greatest possible 
amount of work out of each clomont of the 
h(vit supplied, having regard to the tempera- 
tures at which the clomont of heat was supplied. 
In the heating of the feed-water a part of the 
heat 8upj)ly is taken in at temf)eratures ranging 
from Tj> to 'T,. Rut any element of heat, 
taken in at a temperature T, acts as cfiiciently 
as it would do in a Carnot cycle : the efficiency 
of conversion of tliat element is o(][ual to 

T~T, 

T • 

ConHO(picntly the general efficiency of an ideal 
engine working on the Rankino cycle is the 
higlu^st possible ciheienoy that is compatible 
with the condition that the substance is to 
be completely (tondense'.d at the lower limit 
of temperature and returned to the boiler 
by a separate pumi), instead of having its 
cycle completed by adiabatic cc)m])resRioa as 
in the engine of (larnot. In other words, 
the work which the steam does in the cylinder 
of an ideal R.ankino engine is the greatest 
amount of work that can conceivably bo done 
by tbo steam in passing through any engine, 
of whatever type^, having regard to the 


temperature at which the working substance 
has taken in its heat, and to the temperature 
at which it rejects heat during its complete 
condensation before being returned to the 
boiler. Rut we know that this work is 
measured by the adiabatic heat-drop. Con- 
sequently the adiabatic heat-drop measures 
the greatest conceivable x^^i'-formance of the 
steam in ])assing througli any engine (includ- 
ing any engine of the turbine type) when the 
conditions of supply and of condensation are 
assigned. 

Whatever, therefore, he the nature of the 
engine, the adiabatic heat-drop serves as 
an ideal standard with which to compare the 
actual performance. Thus a steam turbine, 
equally with an engine of the cylinder and 
piston type, cannot exceed and necessarily 
falls short of the ideal performance as measured 
by that heat- drop. In the design of steam 
turbines the calculated value of the adiabatic 
heat - drop, after making a deduction which 
is determined by cx])cricnco with similar 
machines, accordingly forms the basis on 
whie.h the designed’ estimates the joerformance 
to 1)0 ox])ccted. Tests of good engines show 
tl\at in favourable cases about 70 per cent of 
the adiabatic heat-drop is actually converted 
into work. 

To secure high ollieiency Ihero arc obviously 
two separate conditions to bo aimed at : (1) 
that there shall bo a large heat-drop in com- 
parison with the heat of formation of the steam ; 
in other words, a high ideal efficiency ; (2) that 
there shall he a largo Efficiency Ratio. As 
regards the ideal efficiency, it is important to 
notice that while some advantage is obtained 
by increasing tlio admission ])rossuro, a far 
greater advantage is obtained by lowering 
the exhaust ])rosBure. 

That this is so Avill bo clear from the follow- 
ing tabulated insults which relate to saturated 
steam. Tlie first table shows how the adia- 
batic heat- drop and the efficiency of the 
Rankino cycle are affected by taking different 
initial pressures, ranging from 100 to 300 
Xiounds per S(]uaro inch, but with the same 
X>ressure of exhaust throughout. 


Ranking (Jyole von SATunATEn Steam. 

EinrEOT OE VARYING THE InTTIAL PeESSUEE 


[dIUiiI I’Vi'HH- 
uro (x>ouii(Ih 
])('r Hftuuro 
limb, 
almoUiti'). 

(.0 a 

PrtmHiu’o of 
,1 11). 1)01' 
K(luiiro itU'li. 

Work doiu' 
])or 11). of 
HUfuii, (illoM- 
h)« for Work 
Hpriit In 

Ilooi 
KUItpllod 
])(')• 11). of 
HU'iiin. 

Kinoioocy 
of tho 
Xiankioc 
Uyole. 



111 . cal or 1 1 *).. 

11). ciilorlcN. 


300 

202-0 

201-5 


0-317 

260 

197-0 

106-6 

(‘).^3-4 

0-310 

220 

19M 

100-8 

(iin-7 

0-302 

180 

184'() 

183-7 

()29-6 

0-292 

140 

,1 75-0 

■ 174-8 

(i26-8 

0-279 

100 

J()2-9 

162-8 

623-0 

0-261 


3 1 ) 


VOE. X 
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From these results it will bo apparent that 
when the admission pressure is high very 
little improvement in the efficiency is brought 
about by even a large increase of pressure. 

§ (8) High Vacuum. — On the other hand, 
it is of great advantage to have what engineers 
call a “ high vacuum ” — that is to say, to 
make the pressure of condensation as low as 
possible. If a high vacuum can bo effectively 
utilised we obtain from the 
steam the work which it is 
capable of doing, during the 
last stages of the expansion, 
when its 



pressure is 
low and its 
volume is 
very large. 
The following 
Fig. 8. — Indicator Diagram for Ideal table illus- 
Engine with Incomplete Expansion, trates the 

gain in heat- 

drop and in efficiency that results, in the 
Rankine cycle, from reducing the lower limit 
of pressure. In this example the admission 
pressure is assumed to be 180 pounds per 
square inch, and only Pa is altered. 

Rankine Cycle for Saturated Steam. 
Effect of varying the Final Pressure 


Final Treas- 
ure (pouuUs 
per tKiuare 
inch, 
absolute). 

Heat-drop 
from an 
Initial Prena- 
ure of 180 
pouiidH per 
s(piare inch. 

Work done 
per lb. of 
Steam, allow- 
ing for Work 
spent in 
Fowl-pump. 

Hwit 
Kui)plied 
per lb. ot 
Steain. 

Bfiicloncy 
of tht' 
Raiilcino 
Cycle. 

4 

lb calories. 

144-5 

lb. oaloiios. 

144-2 

lb. wiU)rl(‘s. 

COM 

0-240 

3 

153-1 

152-8 

007-5 

0-251 

2 

1G4-9 

164-0 

OIG-I 

0-2G7 

1-5 

173-0 

172-7 

021-8 

0-278 

1 

184-0 

183-7 

029 -G 

0-292 

0*5 

201-8 

201-5 

042-0 

0-314 


The last figure corresponds to a vacuum of 
nearly 29 inches of mercury with the barometer 
at 30 inches. 

To secure in a real engine the full benefit 
of a high vacuum the steam must con- 
tinue to do useful work in expanding 
down to the pressure at which condensa- 
tion is to take place. In engines of the 
cylinder and piston type this is impracti- 
cable for two reasons : the volume of 
the steam becomes excessive, and the 
mechanical friction of the piston against 
the cylinder becomes relatively so groat 
as to absorb all the work done in the final 
stages. Rut with the steam turbine these 
considerations do not apply ; there is ' 
then nothing to prevent the steam from 
continuing to do useful work as it expands 
riglxt down to the ])re3suro of the condenser, 
and special pains are accordingly taken to 
maintain a good vacuum in the condenser of 


a steam turbine. It is largely for this 
reason that good steam turbines achieve 
in practieo a greater elfieieney tiian even 
the best engines of the cylinder and ])iston 
type. 

When steam is released froiti the cylii icier 
at a pressure substantially liigber than the 
])rossuro in the condenser its expansion is 
said to bo incomplete. The olTcet is to lose 
available worlc represented by the toe that is 
cut off the pressure- volume diagram, as in 
Fig. 8, and to make a corresponding reduction 
in the cflicioney. Redoaso takes place at c. 
and the pressure falls to / while the piston is 
stationary. 

To exhibit incomplc^to expansion on tlic 
entropy-toinporaturo diagram, imagine that 
instead of letting ])art of the steam escape 
from the cylinder by opening the exhaust 
valve, we produce the same effect within the 
cylinder itself by applying a receiver of h(‘at 
which will bring the pressure down to thc^ lower 
limit p 2 , by causing part of the contents 
to condense before the piston begins its return 
stroke. The piston being stationary, the 
volume of the working substance does not 
alter during this process. If we imagine the 
receiver of heat to have a tomporaturo which 
falls progressively from that of the steam 
at c to the final tem])oraturo (Tg) at /, this 
removal of heat takes place reversibly. The 
work done by the steam is not a ITo'e ted by 
substituting this reversible process for the 
action of the condcauser, bec^ause pressuro 
in the cylinder is in no way a]ku'(Ml by the 
substitution, hut we are now able to draw a 
curve that will represent the proeoss on the 
entropy -tom])eraturo d iagram. 

This is done in Fig. 9, where the curve 
cf represents the condensation of pait of the 
steam at constant volume, while the ])iston 
is at rest before beginning its return strolce. 
The constant volume in this process is to bo 
reckoned per lb. of steam : it is the volume 
of the cylinder divided by the ({uantity of 
the working substance in it : in other words, 






Fig. 9. — Entropy-t(umieraturc Diagram for Ideal 
I^ngliui with Tncomplci.ti Expansion. 

it is the volume per lb. of the wet sh^am at c. 
Call that volume V,.. 'iPhan at atiy l(wel of 
temporaiuro such as gih^ a point i on the 
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couHtant-voliuno curve which represents the 
process is found by taking 

wlioro is the volume of 1 lb. of saturated 
steam at that temperature. The area of the 
figure within the shaded lines represents the 
thermal equivalent of the work done in the 
complete cycle. The corner cut off by the 
curve r/ shows what is lost by incomplete 
expansion as compared with the work done in 
a Rankino cycle. 


mental importance not only in judging ho'w 
far the ideal standard of efficiency of an 
engine under design will be affected by changes 
in the boiler pressure, in the temperature of 
superheat, or in the condenser pressure, but 
also in comparing the actual with the ideal 
performance of an engine under test. When 
steam tables such as Callendar’s are available 
the adiabatic heat- drop between given initial 
and terminal conditions is readily calculated ; 
but it may also bo very conveniently found by 
direct measurement from the MolHer chart of 
Total Heat and Entropy, briefly described in 



1-2 1*3 1-4 1*5 T6 1-7 1*8 1-9 2*0 2-2 


Pig. 10. — Mollier’s Chart of Total Heat and Entropy. 


§ (0) Total Heat. Entropy Chart . — It 
has boon pointed out above that the adia- 
batic heat-drop, that is to say, the loss of 
total heat which the steam would undergo 
if it wore to expand adiabatkuilly from the 
condition at wliich it enters the engine to 
the tomporaturc at whicth it Uuxvos the engine, 
inoasures the greatest amount of work that is 
ideally obtainable from it in passing through 
the engine when those conditions as to entry 
and exit arc assigned. This is true of an 
engine of any typo : it applies to the steam 
turbine no h^ss than to the reciprocating 
engine. To determine the adiabatic heat-drop 
for any assigned conditions of entry 
and exit, is accordingly a matter of funda- 


“ Thermodynamics,” § (42). The useful part of 
that chart for steam is given (on a small 
scale and in skeleton form only) in 'Fig. 10. 
There the adiabatic heat-drop is simply 
measured by the length of the vertical lino 
which repn^BOuts a i)roccHs of adiabatic ex- 
pansion (</>~<‘.onstant) from tlio condition 
of the steam as it (miUws the engine to the 
condition under whi(di it is condensed. The 
advantage of a high vacuum is apparent fnmi 
the olTecst which a low final pressure has on 
the length of sunh a lino. Any process of 
throttling, such as steam undergoes when it 
passes to a region of lower pressure through a 
reducing valve or other cionstricted oriflcc, by 
wliich eddying motions arc set up, the energy 
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of which takes the form of heat as the eddies 
subside, may be shown on the Mollier chart 
by a horizontal line (Inconstant). The 
effect of such a process is slightly to dry 
steam that is wet, and to superheat steam 
that is initially dry. At the same time the 
steam, if initially dry-saturated or super- 
heated, becomes slightly cooled. These effects 
of throttling will be apparent when a hori- 
zontal line is drawn in the figure, from a 
point representing any condition of the steam, 
wet or dry- saturated or superheated, in 
the direction to the right, which corresponds 
to increase of entropy. The effects of a 
throttling process or of any dissipation of 
energy through friction in the movement of 
a fl.uid are to increase the entropy. They are 
thermodynamically disadvantageous because 
they involve irreversible changes of state. 

Such effects occur to a greater or less 
degree in the action of any real engine or 
turbine and constitute one reason why the 
actual performance falls short of the ideal. 
In the steam turbine they form a chief source 
of thermodynamic loss ; in the reciprocating 
engine they are less important. But even in 
the simplest form of reciprocating engine 
there is some frictional loss in the steam- 
pipes and passages (including leakage through 
imperfectly working valves), and in the com- 
pound engine, where the expansion of the 
steam takes place in two or more stages, the 
transfer of the partially expanded steam from 
one cylinder to the next of the series involves 
a further loss of the same kind. 

§ (10) Multiple Expansion-. — There are, 
however, good reasons why, nt^twithstanding 
this fact, engines which divide the whole 
expansion into three or four stages (called 
triple - expansion and quadruple - expansion 
engines) are practically more efficient in the 
sense of coming nearer to the adiabatic ideal. 
The main reason is that a division into stages 
reduces another source of loss, namely the 
loss that arises from exchange of heat between 
the working steam and the metal surfaces 
with which it comes in contact. In any 
reciprocating engine the losses due to this 
cause are substantial. Steam entering the 
cylinder comes in contact with surfaces which 
have been chilled during the later stages of 
the previous stroke when the cylinder was 
full of wet steam at a lower pressure. Some 
of the entering steam accordingly condenses 
on the exposed surfaces, forming a layer of 
water which is at least partially evap<mated 
later when the pressure has been reduced 
by expansion. This action, which goes on 
in every stroke after a uniform regime has 
been attained, makes the exchange of heat 
between the working fluid and the motal 
surfaces greater than if the fhiid were a dry 
gas. Tims the action differs largely from 


the ideal action, which is adiathc.rmd, and as 
the exchanges of heat take placio irrev('rsibly 
they involve thermodynamic loss. Initial 
superheating does a g(')od deal to i'chUk^o tliis 
loss and consequently improves the enirfeney 
ratio. By limiting the amount of tlic expa,n- 
sion in any one cylinder and so avoiding 
extreme variation of tomporatun^ on tlu^ pa,rt 
of each metal surface, the loss can k(q)t 
within bounds : hence the ])racti(ail advan- 
tage of dividing the expansion into siag('.B. 
The number of sucli stages will d(q)on(l on the 
boiler pressure : with the higlu'.st prc^ssurcs 
that are used in marine practice quadniph^ 
expansion is more economical than triple 
expansion, and tri})lo expansion greatly more 
economical than expansion in two stages. 
In this connection roforeneo should bo made 
to an elaborate investigation by Brofessors 
Oallendar and Nicolson of the oxchangoH of 
heat between the steam and the cylinder wall 
[Min. Froc, Inst. C.E.y 1807, cxxxi). 

In the steam turbine losses from this source 
are comparatively small, although the ex- 
pansion is continued to lower tomporaturcs, 
for no part of the internal suifaco is subject 
to periodic fluctuations of temperature such 
as occur in the working of a cylinder and 
piston. There is, of course, some loss by 
conduction to tlio outside ; but the main 
loss is that which may bo com])rebeuHiv(‘1y 
described as due to fluid friction. Omitting 
the (small) loss of heat by conduction, at any 
stage in the passage of the lliiid tlu'ough the 
turbine, when expansion has occurnMl down to 
any given pressure, the fluid ha,s sufhn'cd less 
drop of total heat than it would have suflenHl 
had there been no friction. TIutc^ is hm 
useful mochanical effect; but tlu'n^ is more 
internal energy left in the fluid, and the 
volume is greater, than if there had Ixnm no 
friction, for the heat developed by fric'tion 
goes to incnxise the 

V stock of internal oncagy. 

In a turbine such as Ihir- 
Hons’, whore the stagers 
are very nunKU'ous, the 


^ Co' 

Em. J I. 

whole process is made up of a H(U‘i(^H of small 
steps which may bo approximately rof»n^H(mi(‘d 
by a continuous curve on tlie i)reHSure-voluin(^ 
diagram or on other diagrams. A diagram siuili 
as Fii/. 11 then represents the compl(ff,e aedion. 
The outer curve IMV is a continuous line drawn 
through points whi(th represent tlu^ volume 
of the steam at the beginning of (^aeb sta,g<^ 
The difforonoe Ix^twocn it and tlie adiabatic 
curve BC shows how the volume is imireased 
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ill conaeqxionco of tlio intorual losses. The area 
ABOI) roprosonts the ideal output of work 
wliicih would bo obtained if tlic adiabatic heat- 
drop fi-lg wore fully utilised. The greater 
ar(‘a ABO^J) docs not measure an actual 
output of work, but an artificial quantity 
which may be called the “ gross apparent 
work.” Of this gross apparent work a part 
is being continuously rcoonverted into heat 
as the expansion ])rocceds, namely a quantity 
sufiieieut to supply enough heat to bring the 
expansion curve out from BC to BC'. At the 
end of the operation the not amount of 
work done by the steam is less than the 
adiabatic area ABCD b; 
valent of - Ij,, where 
total heat at C' and Ig i 
heat at C, if wo assume 
that there is no escape 
of heat by conduction, 
and also no 
appreciable 
kinetic onoi’gy 
in tlu^ stream 
of steam which 
is iinally dis- 
ehargiHl from 
the turbine. 

In that case the whole actual heat-drop 
converted into work, and the fraction 





"Ix-Ia 


expresses the theoretical eflicioncy ratio of 
the turbine as a whole, namely the ratio of 
tlu^ work done on the rotor to the work 
idi^ally obtainable by adiabatic expansion 
through the same range. 

§ (11) TuiiBiMKS.^ — The succossi VO steps in 
tlie action of any c‘om])ound turbine arc most 
ctearly shown by using the Mollier diagram 
of (Hitropy and total boat, in the manner 
illustrateil above in Mg. 12, where some of 
tlu^ early stages arcs shown for a turbine sup- 
plicnl witli Huporheatod steam. In the first 
stage the pressure drops from 2'>i 
iJie scHiond stage from pQ to p^, and so on. 
In tho first stage, adiabatic ox])ansion from 
7b to would 1)0 represented by a^cq, and 
tho length of that lino would be a mcasuro 
of the adiabatic heat-drop, but tho actual 
lu^ali-drop is a smaller quantity ecpial to tho 
length aj)i. Assuming no loss of lieat 
by (iouduetion, the length measures the 
luuvt (U)uvcrte(l into work while tho steam 
'|)aHsos througli tho first stage. The condition 
of tho steam at the end of tho first stage and 
bc^ginniug of the second is represented by 
tlio point which is found by drawing a 
lino of cioustant total heat through bi to 

^ Scuuilsc arik^lc'H “ Steiim Turbine, Tho Physics of 
the " ; “ Turbine, Development of the Steam," 


meet the constant- pressure curve In 

tho second stage, adiabatic expansion would 
give the line c/oCo. Tho actual heat-drop, 
which is a measure of the work done, is 
and the condition of tho steam as it passes on 
to tho third stage is represented by 
Similarly in tho third stage the work done is 
the steam passes to the fourth stage in 
the condition a,^, and so on. The diagram 
shoxvs tho process of expansion by sUigos 
down to the boundary curve ; it is readily 
extended into tlio wet region. In each stage 
the fraction ahjao measures the ratio 
the ■work done to the adiabatic heat- 
drop for that stage. The points 
a^, n-a, etc., lie on what is called 
the “ curve of condition,” a curve 
showing what tho state 
of the steam would bo as 
it passes from stage to 
stage on the 
assumption that 
no heat is lost 
to the outside. 
The curve of 
condition con- 
sequently corre- 
sponds to the 
outer curve BO' of Fig. 11. The total work 
done on tho rotor is tho sum of the amounts of 
work done in tho succossivo stages, namely 'lab. 

Taking any stage of a compound turbine, 
tho ratio of tho work done, to tho adiabatic 
lioat-drop in that stage, may bo called tho 
stage efficiency and denoted by 77^ ; thus 
ab 
ac 

The total work done on the rotor 
lab"l7],{ac), 

and if can bo treated as constant from 
stage to stage, 

lah — yglac. 

In a compound turinno the quantity lac is 
greater than tho whole adiabatic hoat-drop 
between the initial and final ])resHures - hj 
to an extent that depends upon tho stage 
ofiiciitficy. Tlio ratio 

a.,"-. 

is called tho liehcat Factor. Tho reheat factor 
is relatively high when tho stagc-eflio.iency is 
low, or, in other words, wlion there is much 
loss through irrovcraible action within eacfii 
stage. Referring to Fig. 11, tho reheat 
factor is equal to the ratio of the area AB(J'J) 
to tho area ABCD. 

If wo may treat as constant, wo liavo 


77, R 


r}„lac _w(>rk done on rotor _ 
" ■” la ™ adiabatic heat-drop 
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under tlie conditions postulated, whudi make 
the actual heat-drop a measure of the work 
done on the rotor. 

From the eq^uation '>7^1 = 07,, R it will bo 
seen that in a compound turbine 7;^ is greater 
than the stage-efiiciency 77^, since Tt is greater 
than unity. 

The foregoing expressions involve the pro- 
viso that there is no leakage of heat. But 
when there is leakage of heat, or appreciable 
kinetic energy in the steam at its exit from the 
turbine, the actual heat-drop Ij - 1'2 includes 
a quantity representing the loss due to these 
causes, in addition to the work done on the 
rotor. Let that loss be expressed as a fraction 
of the adiabatic heat-drop, namely 

^(Il-l2). 

Then Ii - 1'2 - ^(Ix ^ I2) 

is that part of the actual heat-drop which is 
converted into work on the rotor. 

Hence, allowing for this loss, the net or real 
efficiency-ratio of the turbine becomes 

— Ix-I, 

The amount of work obtained from the steam 
is therefore 

(? 7 , 

Writing 77,. for the real efficiency-ratio, 
its relation to the other quantities is given 
by the equation 

77,.=77f-a; = 77,R -X. 

In the process of designing a turbine a 
value is estimated for the stage-efficiency 
97 j 5 ; then the curve of condition is deduced, 
which allows the reheat factor to be found, 
and also the probable volume and velocity of 
the steam at each stage. 

These considerations apply to the complete 
action of the steam in passing through the 
turbine, from the point of admission to the 
point of exhaust. Considered in detail, the 
action takes place in a scries of stcj)s, in each 
of which the steam expands in such a mj^ner 
as to form a jet, or more usually a grouj) 
of many jots, in which the stream acquires 
kinetic energy as a conBcquenco of its expan- 
sion, and this kinetic energy is subsequently 
given up to rapidly moving blades which are 
carried by the rotor. An account of the action 
will be found in the article on Steam Tur- 
bines ; all that need bo added hero on this 
point is to sl^etch the thermodynamic theory 
of tlio formation of a jot when steam or any 
gaseous lluid expands through a nozzle, or 
a channel between guido-bladcs, forming a 
passage which is completely filled by the 
gaseous stream. 


§ (li 2 ) TujiioiiV 01 ’ d WTS.^ — Sui)})oH(^ stoain or 
any other gas to bo flowing through a. nozzle 
from a region whore the {)i'essur(^ is 1 \ to a 
region where it has the lower value Byi. To 
simplify matters wo shall asHumo that the 
process is adiathormal, that is to say, that no 
heat is taken in or given out by coiuUici.ion 
during the flow. In cionwMiuenco of the fall of 
pressure each clement of the stream e.Kpands 
while it advances, and the work which it 
does in expanding gives energy of motion 
to the element in front of it. d’ho shvim 
therefore acquires velocity as it i)roee(Hls 
through the channel and also imu'cascw in 
volume. Imagine two partitions A and B 
across the channel, taken pcnituulicular to 
the direction of tho stream -line.s, A Ixung 
in tho region of higher presHure. Let 

V«, and E^ roproaont respectively the 
pressure, the velocity, tho volume of unit 
mass, and tho internal energy of the Ihiid, 
at A, and lot V,, and E,, represent 

tho corresponding quantities at B. In flowiiig 
from A to B each unit of mass gains kinc^tio 
energy by the amount 

It loses internal energy by tho amount - Ej,. 
As it enters tho space between A and B it 
has work done upon it by tho fluid behind, 
equal to In passing out at U it does 

work on the fluid in front, ecpial to 
Hence by tho conservation of oiungy 

= ii„ - E. + p„y,. - i>y 

But E^^-i-P,Xi is 

fluid at A, and E^^-f-P^^V/, is tho total 
heat at B ; oonsoquontly 


or tho gain of kinetic energy, in adiathormal 
flow through a nozzle, is measured by tho 
heat-drop. This applies as Ixitwoen any two 
points in tho flow; and for the whole passage 
from tho roghm of pressure P^ to the iv^giou of 
pressure Pg wo have 

.. T 

When, as frequently happens, tlu^ initial 
velocity is sensibly zero, w(^ lu^^ordingly have 


as tho fundamental e(iuation for finding the 
velocity v which an expanding fluid acquires 
in a jot, starting from rest. 

^ See also artlck^s “Stc^ain Turbiuo, The IMiysles of 
tho”; “Turbine, Development of the Steam.” 
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vSo L'ar thoro has Ix^ou no aHHuinption as to 
abH(UK‘,o of losses through friction or eddy 
currents. If we now assuiuo that there is 
no su(‘.h loss, the hcat-dn^p 3i-l2 is to ho 
iiitor[)r(^ted as the adiabatic heat-drop wliich 
the fluid undergoes in expanding without 
change of entropy from 1\ to steam 

this hoat-dro]) may bo determined from the 
tables or measured from the Mollier diagram. 
It has been shown (“ Thermodynamics,” 
§ (38)) that the adiabatic heat-drop is equal to 
the area of the ideal indicator diagram ABOD 

(Fq/. 13), or I VdP, which represents the 
largest amount of work obtainable in expan- 



work takes the form of kinetic energy on the 
])art of the stream a^s it issues under the 
final ])i’esHuro -Pa- therefore have, in the 
ideal case, 

hlxpansion along the adiabatic curve BC 
may generally bo expressed by a formula of 
the typo constant, whore X is a 

constant index. Then 


2£^ 


’T?i 


Vdl\ 




'x-1 


A-1 -I 


PiYr 


Hence when an ox})an<Ung fluid starts from 
n^st, at the initial pressure 1^, to form a jot, 
wo obtain 


___ X_ 

52,7 ""X -I 



as an equation fi-om which to find the velocity 
V wlu^n the pressure has fallen from 1\ to any 
loW(w pressure l\ undm’ the assumed condition 
of frictionless How and no (jonduction of heat. 
H is convenient to write ^ for the ratio in 
which the pressure has fallen, P/Pi- This 
gives, for the velocity at any stage, 


and for the volume of the steam (per unit of 
mass) at any stage 


Ah the flow along the noz/de jn’occcds Z 
becomes loss, and v and V both increase. The 


])roper form for the nozzle depends on the 
relation of V to v. Writing A for the cross- 
section of the nozzle at any point, the volume 
passing per second is vA an'd the mass Q 
passing per second is ?jA/V. This is the same 
at all sections : hence A is equal to QV jv, 
and its value may accordingly bo calculated 
for any assigned value of 5^, when the index 
X is known. For air the value of X is approxi- 
mately 14, for dry steam 1*3. 

On making this calculation with values of 
Z gradually decreasing from unity, to corre- 
spond with successive stages in the expan- 
sion of steam or air through a nozzle, starting 
from rest, it will bo found that A, wdiich is 
proportional to V/?;, at first diminishes, then 
passes a minimum at a certain value of Z, 
and then increases as the ])ressuro continues 
to fall. Hence when the total drop in pressure 
is largo, the pro])or form for a channel for 
adiabatic flow is at first convergent and 
afterwards divergent : in other words, the form 
that will allow the heat-drop to bo applied 
to the best advantage in giving kinetic energy 
to the stream is one in which the nozzle 
at first contracts to a narrowest section or 

throat ” and afterwards expands to an 
extent that depends on the ratio of the initial 
pressure to the prcsRiiro against which the 
stream is to bo discharged. 

If that ratio is not largo the convergent 
portion of the nozzle only is required. When 
the whole drop of pressuro is divided into 
many successive stages, this is the case : each 
of the blado-channcls in a Parsons’ turbine, 
for example, is convergent throughout its 
course. But in Be Laval’s turbine, whore the 
whole available drop of pressure may bo 
utilised in a single sto]), the nozzle takes 
the eonvorgent-divorgont form. The throat, 
where A is a minimum, is approached by a 
rounded entrance which allows the stream- 
lines to converge, and from the throat to the 
discharge-end the nozzle gradually oxT)andfl, 
generally as a simjdo (sono, unfil an area of 
section is reached which is api)r()priato to 
the final value of the ])rossure-ratio Z. The 
divergent taper from t/he throat onwards is 
made sufHciontly gradual to j) reserve stream- 
lino motion as completely as is j)racticablc. 
j From the foregoing oq nations we have 


Q Z^ 


' ^ 

2f/X f -t _ry ^ 

\~iV 


) 


KV, 


which may bo aiipliod to calculate the jii’oper 
section A for a given discharge Q, at any 
■jdace whore the pressuro has fallen from the 
initial value to the value Zl\. For the 
purpose of designing a nozzle there are two 
plac(\s where this calculation lias to bo made, 
namely the throat and the end whore dis- 
charge occurs. At the discliarge-cnd Z is 
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known, being the ratio of the l)ack-prosBuro, 
against which the stream is to be discharged, 
to the initial pressure. We liavo to find Zj, 
namely the ratio at the throat, and this is 
determined from the consideration that at 
the throat Q/A is a maximum. The above 
equation may be written 

Hence (by differentiating) the condition for 
a maximum is found to be that 




which gives 


•=(x^) 


k 

A-i 


This is sometimes called the critical ratio of 
pressures in the expansion of a jet. 

When X is 1*4, as it is in air and other 
nearly perfect gases, wo have Z^ = 0-528. 
When X is 1*3, as it is in dry steam, Z is 
0-545. 

It follows that for a dry steam jet the 
channel should be entirely convergent so long 
as the back-pressure is not loss than 0-545 
hut when the back-pressure is less than this 
there should be a throat and a divergent 
extension beyond the throat. 

Substituting the above expression for 
in the expressions already given, wo obtain, 
for the pressure, volume, velocity, and section 
at the throat. 




/X -1- 1\ X 


Vt = 


V x + 1 ’ 


j 

2 \x-i / 2f7XP, 

Ai Vi VX+i/ V (\+l)V;‘ 

The proper area A at any jilaco where the 
pressure-ratio is Z is related tc) the throat- 
area A^ and the throat pressure-ratio hy 
the following expression, which is readily 
found from the foregoing ; 

2 A+1 2 i-A 

2 A+.1 \zj ( l-A . 

ZA_Z A \l_Z \ J 

This is convenient in determining the hnal 
area of section that slu)uld be provided when 
the back-pressure is assigned. 

It follows from these cqxiations that the 
discharge through a given orifice under a 


given initial pressure I\ depends only on the 
cross-soction at the narrow(‘.st pjiid of the 
orifice, and is independent of tlie l)a.(dv-j)r(wur(', 
provided the back- pressure is not gn^ai/CM* than 
ZJY By continuing the (expansion in a 
divergent nozzle afbu- the tliroait is passed, 
the amount of the discharge' is not incrtaise^d, 
but the fluid acquires a gi‘(^a,ter veloc;ity Ix'foi’e 
it leaves the nozzle, because the range of 
pressure whidi is ('fi'eetive for producing 
velocity is increased. 1410 lieai-drop down 
to the pressui’o at the throat (lei('i’niin('s the 
amount of the diseharge, -and the remainder of 
the heat-drop, whioli would bo wasted if theu'e 
wore no divergent exttmsion of the nozzle, 
is utilised in the divergent portion to give 
additional velocity to the esca])ing Htrea.m. 
This velocity is given in a dolinito ajul uH(dul 
direction, whereas if there were no divergent 
extension of the nozzle the iluid, after leaving 
the nozzle, would expand laterally, and its 
parts would iicquiro velocity in dircc.tions 
such that no use could bo made of the kinetit! 
energy so ac(Xuirod. 

Imagine steam or any gas to bo expanding 
through a nozzle which has no divergent exten- 
sion, into a chamber wlioro the back-pressure 
Pg is less than the value of P^ as calculated 
above. In that case the ])rossm’o in the jot, 
where it leaves the nozzle, will bo P^, and tluv 
further drop of pressure to Pg will occur 
through scattering of the stream. The dis- 
charge in that ease is not increased by any 
lowering of the l)a,ek- pressure P._,, because? 
any lowering of P.^ <lo('s not alhMib the final' 
pressure in the nozzle, which rom.ains cqtiaJ! 
to Pj. Osborne Iteynolds (explained the 
a])parent anomaly by pointing out that the 
stream is then leaving the nozzle with a velocity 
equal to that with which sound (or any wave 
of expansion and com])rosHi()n) is ])ro])agat;o(! 
in the Iluid, and c()nH 0 (][Ucntly any reduction 
of the pressure Pg cannot bo communicated 
back agaitrst the stream : its olTecds are not 
felt at any point within the nozzle. '’The pn^ss- 
ure in the stream at the orifices tboreforo (uin- 
not bocoruo less, how<ivcr low the back- 
pressure Po may be. But if Po is increased 
so as to exceed P^, the lateral s(‘attering cIos(y 
to the arifi(50 (‘oases, the velocity is rcMhuicd, 
the pressure at the orifice tlicu IxH'onuw equal 
to p 2 , and the discharge is reducitul. 

In applying these rcHults to a jiozzlo of 
any form, the least wHition is to be rogardcKl 
as the throat: if tlic'ro is a <liv<u’gent exU'sii- 
flion beyond the least sec'.iion, the amount of 
the discharge is not alT(H*t(vl, though the litial 
velocity of the stream is imux^ased. fi'aking 
a nozzle of any form, and a (ionstant initial 
])rcssuro Pp if wo reduce the back-pn^Hsuro 
from a value wbieh, to begin with, is just 
loss than Pj, the diseharge increnst^s untfl 
Pg reaches Z;I\, where Z^ has the valuer given 
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ab(>v(\ After that, any furilior rodnc.tiou of 
(looH not inc'.n^aso ilio difsoliargo. Jiiit the 
volodity which tiio Iluid acquires before it 
loav(‘H the iioy.zle may tlion bo angmeuted by 
lo\v(n*iiig and adding to the divcrgeui portion 
of tlic no///lc. The noz/dc will bo rightly 
doHignod when it provides for just oiioxigb 
expansion to make the final pressure equal to 
the back-])reHSuro ; the jet then csca])ea as a 
smooth stream, and tlie energy of exjxansion is 
utilised to the full. Ff tho nozzle docs not 
('.any ex[)ansion far enougli^ — if, in other words, 
the final pressure in tho nozzle exceeds tho 
baek-prossuro ' — energy will bo wasted by 
B(?attering. If, on tho other hand, the back- 
pressure is too high for the nozzle, so that 
filio nozzle ])rovidos for more expansion than 
can lU'oporly take place,’ vibrations are sot up 
in the fluid stream which cause some waste. 

It has been pointed out by Callondar that 
in tho formation of a steam -jet cx])an8i()n 
occurs too fast to allow a condition of equili- 
brium to be attained as regards condensation. 
Stoatn that is superheated or dry at entry 
remains more or k^ss completely dry during tho 
first sf;ages of its ])assagc through the nozzle, 
(wen wlu'u it has expanded so considerably 
that its e(|uilihrium condition would bo that of 
a wet mixture. If tho steam is siqxorheatod 
to begin with, it bohavc^s like a gas in tho 
initial stage of the expansion, and its eqxiili- 
brium is Ht;nl)b until its condition crosses the 
boundary or saturation line, that is to say 
until its temperatuie fa.lls to the value corro- 
si)()nding to saturation at the pressure then 
reae.hcHl. As expansion procxKMls beyond that 
stage a m(d4iHtal)l(^ statx^ is tem])orarily set up 
in which fhe steam is supersaturatocl. If the 
stcMim is safairat(Hl to begin with, a mctastablo 
Htat(' is prodiKHHl as soon as expansion begins. 
It is l)(H^auHO of this supersatu ration that 
the imUvK \ for a steam -jot is to bo taken 
as l',‘l insU^ad of a value such as 1*135, wbic.h 
would approximatidy correspond to adiabatic 
expansion under e-onditions of c<piiUbrium. 
Wli(m the latt(n* imh^x was xisod, as was gener- 
ally done before (Wllendar drew attention to 
th(^ true characku* of the action, tho calculat(^d 
discharge for a given size of throat was too 
small, with tho result that the ealeulatod 
discdiarge under ideal frictionless eonditions 
fell short of the disxiharge whi<(h Rateau 
and other obscnwcu’s observed with actual 
nozzh^H, although, tlu^ olTo(.'.t of friction is to 
reebuio tho r(^al disc.hargo below its ideal 
value. Wbou account is taken of super- 
saturation, hy using 1*3 as tho index, tho 
calc.ulated discduirgo becomes, as it should bo, 
slightly greater iliau tho actual discharge, 
ddm ex I HU'i mentally mcaHured discharge is 
about 3 or 4 p(U‘ cxuit less than tho calculated 
discharge under the ideal e.onditions which 
tho calculation assumes. If, as is probable. 


the steam remains almost wholly dry np to the 
throat, this difference is to be ascribed mahily 
to friction. 

§ (13) Tests oe Theemodynamio Perform- 
ance. — In testing tho ofTicioncy of an engine 
considered as a heat-engine we must measui-o 
tho work done during a given time and comjxarc 
that with the heat siipjxliod. Tho work done 
may be determined, in an engine of the jhston 
and cylinder typo, hy taking indicator dia- 
grams from which the mcaix effective press- 
ure of the steam is found by measurement, 
so that tho horso-powor developed within the 
cylinder or cylinders is readily calculated. 
Tho indicated horse-power, important as it 
is thermodynamically, is not a fair criterion 
of useful performance. That is found by 
measuring tho brake horse - power, or its 
equivalent, which is less than the indicated 
power by the amount that the engine expends 
in overcoming the friction of its parts and 
in driving any necessary auxiliary mechanism 
essential to its own running. In turbine 
and other engines which are employed to 
generate cleetricity, it is usual to measure 
the electrical li()rsc-])ower, thereby determin- 
ing a not elTcctivo outjiut which is less than 
the (hypothetical) brake horse - power by 
cleetrical and mechanical losses which occur 
ill tho dynamo. It is obvious that any ligurcs 
for efficiency must bo int(Tpreted with refer- 
ence to tho stage at which tho power developed 
is measured, whether in the cylinder (by moans 
of an indicator), or on tho shaft (by means of 
a dynamometer), or after conversion into 
some other form, as by a dynamo or by a 
pump. 

UIio heat sup])lied to tho engine may be 
found by direct moasuremont, or it may be 
inferred by measuring tho rejected heat. 
Tho latter is a less usual procedure in engine 
tests. In any case, however, a measurement 
of tho rejected lieat furnishes a useful check 
on the acteuracy of the other method : the 
most satisfactory trials are made by measuring 
the beat rejected as well as tho heat sujiplied 
and tho work clone. A balance-sheet can 
then bo drawn up in which the heat given to 
tho engine may be more or less eonqiletcly 
aeeounkKl for and the margin of error can 
bo seen. 

To find tho heat supplied, wo must observe 
the (juantity of steam which ^lassos through 
the engine, and its (conditions of au])})ly, as 
to jiressuro and (if there is HU])e,rheating) as 
to teinpc^raturo. Tlui quantity passing through 
may bo found by obscuving either (1) tho boiler 
feccl, or (2) tho air-pump discharge, provided 
tho engine usc^s a surface conckmsor. 

To infer tho steam supfily from tho boiler 
fe(Kl rcMpiirca a ^irolongccl run, for the le.vel 
of water in tho boiler cannot bo read very 
accurately, and the whole consumption of 
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feed-water should he great in order that 
possible errors due to that may bec(^tiic 
negligible. A single trial by this method 
may req[uire to be continued for some hours, 
during which the conditions of working t)f 
the engine must be kept as nearly uniform as 
possible. On the other hand, a very short 
time suffices for an accurate measurement of 
the rate at which condensed water is dis- 
charged by the air-pumj), once uniform work- 
ing is established, and it is easy to get satis- 
factory trials under various conditions in 
comparatively quick succession, by varying 
the amount of the external “ load,” from zero 
up to the largest load that the engine can 
properly undertake. 

The results of a scries of trials are often 
exhibited by drawing a curve of total steam 
consumption per hour, or per minute, in 
relation to load, the load being exx)ressed 
in indicated horse-power, or in brake horse- 



power, or in kilowatts if the not output is 
measured as electrical energy. Such a curve 
is called a Willans Line. It is in general 
nearly straight : an example is shown in 
Fig. 14, which relates to tests of a Parsons 
Turbine at various loads, made under nearly 
uniform conditions as to the pressure and 
temperature of the steam throughout thc 
series. The (nearly) straight line shows the 
consumption of steam per hour in relation to 
the output of power- in kilowatts. On the 
same diagram is a curve, showing the number 
of pounds of steam used j)er kilowatt-hour, 
which tends towards a minimum. When the 
engine is overloaded the Willans Lino tends to 
bond upwards, with the result that the other 
curve passes a minimum, and the steam con- 
sumption per horse-power increases slightly at 
the highest loads. When the Willans Line is 
straight the whole consumption of steam at any 
load may be regarded as made up of t’wo j)arts 
— the constant unproductive consumption that 
takes place without any efToctivo output, and 
a further consumption that is simply propor- 


tional to the output. Even wlicu the Willans 
Jano is drawn to exhibit the r(‘lai.ion of in- 
dicated work to steam c{)Usum{)tiou, this 
remark holds good. When (^.\'tcnd(Hl back- 
wards H docs not j)asH through the origin, 
but above it. The consumption is a])proxi- 
matoly whores n is the number of 

horse-power, and a is the quantity of steam 
which is required })er horso-])owor after the 
unproductive sup^dy ah lias boon furnished. 

,7. A. K. 

llli)KjaiCN(3ES 

Ilankiiio’a Steam Fngine was for loiiK th(^ most 
authoritative work on the subject, but itiS int(‘r('st 
is now mainly hlstorh'al. Perry, The Steam bjunive ; 
Dalby, Steam, Fotver ; Ktodola, The Steam Turbine ; 
Callcndar, Steaya Tables ; Ewinp;, The Steam hhiuine, 
and other Heat Fnoinea ; als<^ T/iermodjin amirs for 
Engineers. The writer has used tiie two last- mimed 
books (with tho permission of th(^ publlslu'rs, tlu^ 
Cambridge University f^rc'ss) as the foundation of 
this article. Sec also the article “ ThormndyiiainkiS.'’ 


Steam Tables, Use of. See “Steam Engine, 
Theory of,” § (9). 

STEAM TURBINE, PHYSICS OF THE 

The following symbols, constants, and tables 
are used throughout this article, except whore 
otherwise stated : 

Units; lbs., ° F., ft., in. ; hours, mmutes, seconds. 

A = area in square feet, 
asfcaroa in H(iuare inehos. 
a =veloeity ratio --a/w. 

<i==mcan diameter of blade ring in. inohes. 

7} =effioioncy. 

j 7 — acc(‘leration du(^ to gravity r.= 32 *2 h'ct per 
second. 

7 =aratio of the speciilc^ lu'.ats of steam, 

= 1*135 for adiabatic expansioa of dry Haturated 
atoani, 

«»1*30 for adiabatic expansion of superheatod 
Btoam. 

H = homogeneous head = 144pV. 

A = blade Iieiglit in iuclu'S. 

I>=sBritiHh thermal units per [lound of steam, 
x lo-K 

A==blado opening- sin 0 in F'>'g. 14. 

X«indo.\: in law of expansion cousiiant. 

N=nUml)er of rows of blades on cylimU*r or 
Hpindh'. 

n=:rovolutionK per see-ond. 
a;»=27r?ir--:angular velocity. 
p=prcs8ure in llw. p(‘r H(j. in. (absolute). 

Pv P ‘2 ‘ Vo' pn'HHtm'H along turbinoH, 

entropy. 

po=’pU‘SHur('i at the exhaust (mhI of tiurbiues, 
Q=^pounds of steam ptu- Jiour, 
f/^pounds of steam per secotid. 

R=revolutions p(w ininut.e. 

T=«terup(uaiur(< “ F. absoluhi. 
fs=toiuj)erature ° F. 

blade vidocity in feet per second. 

V^spooidc volume of steam in cubk feet j)er 
pound. 
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v('l<)c.ity in f(‘ei ]>or Hocoud. 
w nvork done in fool-])(mndH j)cr pound of stonm. 
X- expaiiHionM by preHHure=j?Ji/pa. 

'A -7)2/'Pi=-.1/X. 

{(>all(\nd(ir'a filcam TahloSy 1015, and Peabody's 
8fc(mi (mi 'rcinperature-JiJnhvpy Tables^ 8tli Edition, 
1014.) 

I. The Apeexoation op Tiiermodynamios 
TO Tiiw Stxjaive Turbine 

§ (1) jloMOOPiNXJOii.s Head. — Tho quantity 
pV la not so variable in tlxe ease of saturated 
stoaiu as eitluu* p or V, and its use situplilies 
many of tlio expiations which fedlow. Tho vahio 
of 144;>V is doliiuxl as the hoino^onoous head 
and denoted by Jl. Thus 11 = 144-^ V. 

h\)r saturated steam tho following ouaimical 
formula may bo used : 

H = 8000 (0 + logrt* 

Eor su])orhcated steam, which has nearly 
the properties of a jicrfec'-t gas, tho homo- 
geneous head may bo taken as jiroportional 
to tho absolute temperature ; so that if T is 
tho temperature of saturated steam and T\ tho 
temperature of siqx’irhoatod steam, 

§ (2) 4hiE Quantitv op Steam flowing 
T tiR^ouGit Nozzles. — T ho theory of tho stoam 
turbine is based on adiabatic expansion, 
although ill practice, radiation and other 
faistors alTcct tho result. If one pouiul of 
steam enters a nozzle at a pressure of pi and 
with a velociity and loaves with a velocity 
V at a lower pressure p, we have 

v'^ - . . * (1) 

IE the initial velocity is negligible 

( 2 ) 

X 32*2 X 778 x 1 

and 

v?:':224\/l (more correctly ?;=223*8 \/l). (3) 

.In the cas(^ of o, perfect gas working 
adiabatieally it is firovod ^ that tho relation 
between jirimsuro and volume is given by tho 
CM|xiatiou 

== (sonstani, 

where y is th(^ ratio of the spcxuiic heats and 
has tho valium 1-408 for air. 

.If the gas be not perfcKd- an cipiation of 
similar form^till holds, but the exponent will 
no longer bo (xpial to y. We may, however, 
write for steam cxxiauding adiabatieally 

constant. 

The value of \ will depend on tho condition 
of the stiuim. 

It is shown in tho article on tho “Steam 


Engine, Theory of,” ^ that, as tho amount of 
expansion in a nozzle is increased beyond a 
certain jioint, the How of the steam docs not 
increase hut roaches a maximum ; this is 
called tho critical expansion for the nozzle. 
Tho point is attained when tho oxjircssion 

2 X -4- 1 

has such a value of Z as to make it a maximum ; 
this is found by dilforontiating the expression 
and equating tho result to zero. Wo then 
get for tho critical value 

■ ■ <« 

and for this tho flow has a maximum value. 
Z^ is tho ratio of expansion Pijpi at tho throat 
of a nozzle. It has the following values for 
different values of X. 


A. 

Zt. 

1-1 

0-585 

1-135 

0-577 

1-2 

0-5G4 

1-3 

0-54G 

14 

0-528 


Tho formula for tho maximum discharge of 
steam, when tho droj> in ]>rossuro is more than 
the critical, may bo written 


2t“ = 2crl44A“^| j 



K=T. 


(0 


or 


or 


o 


whore and are constants. 


Hence 


Lot 


-ys>- 


Then <lt—'inApx lb. of steam per second 
or Qi = Mapi lb. of steam per hour, . 


(5a) 


whore a is in square inches and p^ is in lbs. 
per sq. in. abs. and M is another constant. 

Hatcau’s empirical formula for tho discharge 
of saturated steam heyoud tho eril-ie.al expan- 
sion is based on this formula, and may bo 
written,® employing Knglisli units, 


Q^ = 3*G(lG*57-log?q)a:^H. . (6) 

In this expression M has boon made equal to 

:i(i (1(157 -log ^q)- 

Eor a long time a dUhculty arose in recon- 
ciling experimental results for saturated steam 
with tho above theory, tho actual discharge of 


^ Woo “ ThormodynamicH," § (15). 


* Hoc “ Htoani Ihii?lnc, Theory of," § (Ti). 

“ Hco IL M. Martin, 8team Turbmes, 1913, p. 17. 
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a nozzle proving greater than the theoretical 
discharge as calculated by a formula similar 
to (5). The value for \ was taken as 1T35, 
on the assumption that the steam was in 
stable equilibrium throughout ; but t[. L. 
Callendar ^ shows that the rapidity of How 
through a nozzle is such that condensation is 
not instantaneous when the pressure drops, 
and that consequently the steam is behaving 
as a gas, and a more correct value of X to 
take is 1-3. The steam is in a metastablo 
condition, and is said to be supersaturated. 

The following table shows values of the con- 
stant M for different pressures of saturated 
steam : 


quantity of stcani ilowing through a nozzl(\ 
That is, 

O rt/y .11 

from which Q “7'^ ' H). p(M' liour. . . (7) 

The number of heat units corresponding to 
one brake liorsc-powcr })(U’ Jiour would b(^ 

B.Th.ir. ; 

or to one kilowatt-hour 

2545-6 omonrriTT 

0-74(i '' B.Tli.U. 

Those values, divided by the adiabatic^ boat 
drop (1) give the numl)er of 
pounds of steam rot[uirod for 
an ideal turhiue working on tl\e 
Rankine cycle. '^Pho ratio ho- 
twoen such an ideal (umsumption 
and the actual (tousuitipticur of 
any particular turhino is known 
as the coefficient of performance 
or efficiency railo of that turbine. 
This factor may, of course, bo 
equally well calculated on 
efficiencies or heat units. 

If the initial velocity is 
negligible, 

'C^ — 2gu\ 


Ib./sq. in., 
abs. 

H = 144?)iVi 
(Callenclar’s 
Tables). 

M in Equation (5a) when 

M in 

Equation (6) 
(Hatcau). 

X = l*3. 

1-135. 

300 

08,386 

62-12 

49-64 

50-72 

250 

07,680 

52-39 

49-91 

61-01 

200 ■ 

66,810 

52-73 

50-22 

51-37 

150 

65,680 

63-16 

50-63 

61-80 

100 

64,094 

53-83 

61-23 

62-45 

50 

61,344 

65-02 

52-41 

63-63 

34-CS9 

56,008 

57-25 

64-54 

66-44 

10 

55,282 

57-93 

65-22 

66-06 

5 

52,877 

69-27 

56-64 

67-17 

1-0 

47,906 

62-24 

59-33 

69-65 


It is thus seen that for pressures above 
atmospheric pressure Rateau’s experimental 
results are about 2^ per cent above that ex- 
pected for saturated steam with X=: 1*135, 
but are about 3 per cent below that which 
would he given if there were no condensation 
and \ = l-3. Part of this difference is due to 
the friction of the steam in the nozzle and part 
may be due to partial condensation taldng 
place. 

Superheated steam behaves so nearly as a 
perfect gas that the relation H/T= constant 
may be used. 

1 VT saturated 
Since Moc /TT~ -7rn-^“T 

vT superheated 

it may therefore be corrected for superheated 
steam in the proportion of 

s.^T saturated 
\^T superheated 

e.g. at 250 lb. per sq. in. (abs.), with 200° F. 
superheat, 

M.=5I-0iy ^2=45-00. 

It should bo noted that if the critical ex- 
pansion has not been reached, the equation 
of continuity may be used to determine the 

^ “ On fho St(ui(ly Plow of Stcani through a Nozxlc 
or Throttle,” Pror. Inat. Ulceh. Eng., Jan. 1015, pp. 53 
et seq. 


or, substituting ^ for w, 

A- 1 

= M- ■ . (H) 

When the disehargo is a maximum, the 
value for 5^^ from equation (4) may bo sub- 
stituted in (8). Then 

or = . . . (») 

By definition, 

1 



at the throat for maximum diHC!harg(’i ; tlioro- 
foro 

substituting this value in eiimition (K), gives 

. . . {{)n) 

“ Sco Stoaiu kuKiiU', Theory of,” § (12). 
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wliic.li iH tho velocity of Hound in the steam ^ 
(^onHi(1ered aw a poT*fcct gas. 

7’hiH rcHult can bo explained by considering 
that tho groatoHt velocity at which any re- 
duction of presHure on the exit side of tho 
tJiroat can ho carried back through tho throat 
JH the velocity of sound ; and therefore any 
dro]) of ])reHHure beyond the critical will not 
all'eet the How of steam at tho throat.® 


of expansion by pressure. Then equation (10a) 
becomes 


x-1-1 

L 

Ai® 2 \X+1/ ^ 1 

X -1 


(10ft) 


Fig. 1 shows tho thoorctioal divergence of 
nozzles (A^/Ad for various ratios of ex])anBion 


31. Nozzles and Bladino 

§ (;i) 'Inn Divkhomnob akd Effictkncjy of 
St BAM N(WiZLBS. — Denoting by the suiTixcs < 
and ,) the conditions in the throat and at tho 
('“xit of a steam nozzle, the equation for con- 
tinuity gives 


HO that 


V, Vo ’ 


(10) 


Vt 

HO that 

Vo“ 

Vi® 


I 


A 

X-1 


Vi 


/ 2 yV-l A^/pAA/ 2 

\k-n) "W U+V 


Po 


=z ^ 




From equations (8) and (9) 

V'’ X 

\- I 

A-i' 

(X-1-1)(UZ A ) 

SubstU-uling thcHo valu(^B in equation (10), 


Ao® X-W 
Ai"® ’ A-1-1 


(xJ.) 


A- 1 


1 


AM-1 
A- 1 


li A- L 
7/(1 -Z ^ ) 


giving an c(piation for tho Haro of a nozzle 
that contains only X and Z. Ah Z is fractional, 
a more convenient form for calculation is ob- 
tained by writing. X -.vl/Z^"pj/P 5 „ or tho ratio 


1 NcnvI-on’H 'I*nnnpitt, book il. section B, rcfcrnul 
to In l)('HchiincrK Natural Philomphu, Everett's 
translation, 1875, p. HOIL 

'•» Hoc Osborne UcynoUls, “ On tho Idow of Oaso.s,” 
PMJ. Mag., March 188(1, rcprinhal In his i>cicntif(c 
Papers, ii. 318. 



(X) as obtained from equation (106). It will 
1)0 noted that f(jr steam tho curves arc prac- 
tically straight lines. 

TIuu’o is not as yet suiricioni experimental 
evidence available to establish the best angle 
for tho cone of the divergoneo. In practice 
it is found to vary between 4° and 30°. Ex- 
perionoo shows that 12° gives very satisfactory 
results. In a similar way, tihero is a diversity 
of opinion as to tho host angle hotween tho 
axis of a nozzle and tho direction of rotation 
of the moving blades. Eor a diverging nozzle 
this angle is usually made between 18° and 



•5 *0 -7 -8 -0 VO VI V 2 V 3 V 4 1-5 

Patio of Actual to Thoorotiaal Diuefoonua 

ElO. 2. 


20°, but for non-diverging nozzles it is found 
to vary between 12° and 20°. 

Pi(j. 2 is a conibination of two curves 
obtained by W. J. (loudio® from an analysis 
of data published by Dr. Hteinmetz, and 
shows tlic percentage loss of vehxiity for 
various ratios of actual to theoretical diverg- 
onco, Tho advantages of undcr-expansion 
compared with over-expanHion arc clearly 
Hcon, a reduction of 20 per e.ent from tlio 
Ihoorotical Haro showing a loss of only 1 per 

® Hteam Turbines, 1017, llilMJM. 
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cent in the exit velocity, where an excess of 
20 per cent gives a corresponding loss of 
4 per cent. In i)ractico, therefore, noiizles 
are generally given about 10 per cent leas 
divergence than theory would indicate. I he 
effect of friction in the nozzle tends to iti- 
crease the flare slightly, hut in practice this 
correction is negligible. If for a 

frictionless nozzle, and =:Iv , if friction is 
accounted for, H. M. Martin points out ^ that 


X 



holds good, where rj ^tho efficiency, wliich in 
practice is always above 90 per cent. Honco 
V is very nearly ec^ual to X. 

In considering the efficiency of diverging 
nozzles it is necessary to distinguish between 
the loss of velocity of the steam and that of 
the kinetic energy. Eq^uation (2) {ante) gives 


. . . ( 2 ) 


and from this we obtain by differentiation tho 
result {dv and dw both being small), 



dw 

w’ 


(2a) 


which shows that the percentage velocity loss 
is one-kali the percentage energy loss. 

Por diverging nozzles, in which the heat 
drop (I) is well beyond the critical, H. M. 
Martin ^ gives the following empirical formula 
for the percentage loss due to kinetic energy : 

Percentage loss =0*06(1- 45). . (11) 

The corresponding efliciency is then given by 
the expression 

77 = 102*7-0*061. . . (11a) 


In drawing tho (iross-soctioii of bbuling, 
the standard taken is tho axial widt/li of tho 
blado. If a and /:! aro tbo inlot and exit 
angles of tho steam, fbo angle of tho blad(i 
= This blade angle may vary vny 

considorahly in dilTerent types of blades, '^riie 
curves of reaction blades do not loud Ihem- 
solvos to any gcoinotruuil e.oiistvuetion, but 
arc based on ])ractical oxi)eru'nee. An ex- 
ample of reaction blading is shown in tHg, 



Tig. 3. 


from which it will bo noted that tho curves 
are made to swoop round gradually and cvcMily. 
It is safe to remember tliat an artistic blade is 
a good blade. 

Tho shape of irnpulso blades is controlhKi 
to a largo extent by tbo back radius (r), A 
largo back radius gives a thin blado and a 
close pitch. A small radius gives a tbiek and 
stronger blade with a wide ])iteh. An (^xan\})lo 
of impulse blading is shown in 2Hg, <1. iPho 


Por example, with a heat drop of 125 B.Th.U. 
the loss of Idnetic energy would be 0-06(125 - 45) 
or 4-8 per cent, and by equation (2a) the loss 
due to velocity would bo half this amount or 
2-4 per cent. 

§ (4) Blade Poems and the Effect of 
Back Radius. — In reaction Iflading, expansion 
of the steam takes place in both the fixed 
blades or nozzles and tho moving bladc.s. A 
combination of one rt7W of fixed blades and 
one row of moving blades forms one stage of 
a reaction turbine, and tho heat drop por 
stage is generally less than tho critical. In 
the case of impulse blading, all or nearly all 
the expansion takes place in tho nozzles before 
the steam reaches tho blades, and each set of 
ex]7anding nozzles, together wth their wheel, 
which may have one or more rows of revolving 
blades, is known as one stage of an impulse 
turbine. The heat drop through tho nozzle of 
a multiple row wheel often exceeds tho critical. 

^ JUvffinmnff, 1918, cvl. 53. 

“ W. ,r. aoii(I{(i, mm Turlmm, 1917, p. 128 



steam passage sliould oonveuge withouli any 
irregularity, ''riie small diagram shows a 
method of fimling tho sloj)o of tluj chord YE 
if tho entrance and <L\it angh^s, a and /f, 
are known. Prom this llgiire dXh, 

20-'h(a+/:H-U)^-^IHO'’ and ^ i(a-l /PM). 

The point X may bo obbdn(»d by nmking 
two right angl(^H PYX and I'EX, and the 
insido of tho l)lade drawn wiiii radius ll( XZ) 
from X. ''idle bac'k ra<UuH jnay tlnm bo put 
in from a centre lying on iln^ liiu^ joining the 
point X to the ap(^x of tho blad<v 

§ (5) (Jarry ovwa. • In tlici fongoing theory 
it was assumed that the sifOam (Mitiu’s tbo 
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iioKzlo at zero velocity ; Ibut in an actual 
turbine, in inost easoB, it enters at a velocity 
that is Home fraction of the leaving velocity of 
the j)reviouH stage. The amount of energy 
that is due to this fraction of the leaving 
velocity is ls;nt)wn as the “ carry over.” The 
fruhional losses as the steam passes through 
th(^ nozzle must bo set against the extra 
energy duo to this carry over, but the net 
result may be an alteration in the exit velocity 
of the steam as it leaves the nozzle. Let the 
proportion of the. energy of the carry over 
that passers through the nozzle bo denoted by 
■///-, and tlie pro})orti()n of the adiabatic heat 
drop utilised in the nozzle ho denoted by M ; 
then if is the velocity of carry over, v the 
velcxuty due to the heat drop, and Wq the exit 
velocity, 

^ ( 12 ) 


Writing 


M 


whore 


= 5?;% 
M 




U'he value of z can be obtained from the 
v(h)cuty diagram. '’The values of m and M are 
very dinicuilt to determine ; but Ooudio sug- 
gests “ for impulse turbines tliat wt=0*8 and 
M--()-00 to l)d)3, the higher liguro being taken 
when there is suj[)orhoat. As z is generally of 
the order of ()-3, this gives values of 5 from 
()d)7 to l-OO, showing that the velocity of exit 
'??() is 1 practically eciual to that duo to adiabatic 
drop or v, as far as impulse turbines arc 
concerned. 

In the case of reaction turbines where the 
(ixed and moving blades are the same, and 
tluu'o is an ap})roximatoly e(pial heat drop, 
H. M. Martin ‘‘ from an analysiH of a marine 
turbiuo diu'ivcd values of vi ^:=i0-52 and M=:0*0() 
for this typo of turbine ; and Ooudio pub- 
lishes a curve which shows that the co- 
onUpu'iut d varies from t-()2 to 0*07 as the 
velocity ratio (a) of the reaction turbine in- 
croaH(PS from ()*(i to 0-9. As these values of a 
may bo consldored the oxtronie limits in general 
use, the vahio of 5 is so nearly unity that for 
all practical piiriposes of design the velocity of 
dis(‘.hargo may 1)0 taken as that duo to the 
adiabatic heat drop through the stage of the 
reaction turbine. 

This means that in the liglit of our present 
knowledge tlie friction and losses in the nozzle 
appear to bo approximately e(iual to the energy 
HU i> plied by the carry over, so that tl\o steam 
enters tlie next stage with zero velocifcy ; but 


* ('f. W. .). <)!ou(U(‘, HtPam TnrHncs, T017, p. i'l7. 

“ I / nd . p. 127. . - 

“ H. M. Martin, Tlie l)(>si{/n <md CUmutmotion o/ 

Stvdw 'Vur/yinetf^ 1012, p. 1 10. 

* W. J. (toiuUc, HUmn Turldnes, 1017, p. 41H. 


the point cannot bo said to bo fully established, 
partly because of the doubt as to the exact 
values of m and M and partly because of another 
factor, namely the exact angle of the steam 
issuing from a nozzle. It has always hitherto 
boon assumed that this angle corresponds with 
the exit angle of the nozzle or blade, but the 
point has never been properly investigated, 
and should it prove otherwise it will affect the 
value of z and therefore of the coefficient 5. 

§ (G) Velocity Diagrams and Eeficienoy 
C uRVKS. — The inlet angle a, of a blade can bo 
determined by vector diagrams, which also 
form a graphical method of obtaining the 
various velocity components of the steam at 
dilforent stages of the turbine. The work done 
per pound of steam, and hence the theoretical 
efficiency of the blading, can also be deter- 
mined. The accomparCying figure shows such 



a diagram for a one-row impulse wheel. Steam 
leaves a nozzle with a velocity v and enters 
the moving blade in the direction of the axis 
of the nozzle inclined at an angle e to the 
direction of rotation of the wheel. The moan 
peripheral velocity of the blading at a radius 
r ia represented by n. Tho lino -aj completing 
the triangle gives both tho magnitude and the 
direction of the inlet steam velocity relative 
to tho blade and the inlet angle a. Tho exit 
steam velocity relative to the Ifiado will 
1)0 loss than owing to frictional losses, 
which may oauso from 10 to 15 ])cr cent loss 
of velocity. The exit angle /i is cither assumed 
or obtained from tho blade angle 0, and tho 
closing lino gives tho magnitude and direc- 
tion of tho velocity of exit from the blade. 
In ])ractico it ap])c^arB tliat tho energy'' the 
steam should possesH in cionsociucnco of this 
velocity is utilised in overcoming the friction 
and in eddy-making. 

The ratio of tho components of tho relative 
velocities at right angles to tho direction of 
motion of the blade, namely forms a 

measure of tho ratio of t})e exit blade height 
to the nozzle height if the possible elTects of 
reheat and drop of pressure in the blade are 
neglected. The change of tho moment of 
momentum between inlet and exit gives tho 
torque (T) on tho shaft. 

Tr=''’' 

a 

whore r is the moan radius of the blades and 
V is tho vector sum of tho transverse com- 
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ponents (vj and i\) of the relative velocities. 
The work done per pound of steam 


m 

W = , 

9 

but ca = ulr, so that ^ 

w='^ = ~ ft. -lbs. per pound of steam. 
rg g ^ ^ 


(13) 


Again, from equation (2) the velocity energy 
available in the steam as it enters the blade 
is v^l2g. Hence the theoretical thermal effi- 
ciency of the blade 


_ uv/g 

'^~v^l2g~ v'^ 


(14) 


If there is more than one row of moving 
blades in one stage, the values of v must be 
obtained for each row and added together ; 

,T_ uZv , 2uZv 

then w= and 77 = — 

g 

The relation between the blade speed and the 
steam speed, or the value ujv, is known as 
the velocity ratio of the turbine and plays 
an important part in the design of any 
particular machine. The mean peripheral 
velocity of the blades u may be calculated 
from the dimensions of the turbine : 


_ _ Re? 

“~60xl2“230 


ft. per sec. 


(15) 


The velocity of the steam v in this relation is 
usually calculated on the adiabatic heat drop 
obtained from formula (3) (ante) : v=224:sJT, 
where I is the adiabatic heat drop between 
the steam pressures in lbs. per sq. in. absolute 
at the inlet and the exit of the stage. 

Fig. 6 shows the relation usually obtained 
in practice between the actual thermal effi- 


is included, but not in the case of impulse 
blading. It is advisable in practice to keep 
the velocity ratio of any particular type 
below the maximum efficiency shown by these 
curves, partly because the higher velocity 
ratio generally means a larger and more costly 
turbine, and partly because high velocity 
ratio and consequently increased size mean 
larger losses, due (for example) to the skin 
friction of the discs and other revolving parts 
of the turbine. As a result, the best efficiency 
is actually obtained with a velocity ratio 
somewhat below that shown by the maximum 
efficiency in the curves given in Fig. 6. The 
following range of values is found in modem 
practice for large turbines : 


Reaction turbines .... 0 -75-0 -90 

One-row impulse wheels . . . 045-0-52 

Two-row impulse wheels ... . 0-22-0-28 

Three-row impulse wheels . . . 0-13-0 -15 

§ (7) The Parsons Design Coefficient 
K. — From equation (3) the average steam 
velocity per stage (N) in the case of an 
impulse turbine is given by 

«’=224;^/ JJ, 

while in the case of a reaction turbine, where 
there are two rows of blades with a pressure 
drop in each stage, ^?=224 \^2I/N, but 

v='^ and ^ = (from equation (15)). 


Therefore for impulse turbines 


R^^ 

230a 


= 224 




ciency of the blading and the velocity ratio, 
for different types of turbine stages. It 
should be noted that the efficiencies upon 
which these curves are based, whilst not in- 
cluding mechanical friction, windage, or 
leakage losses in the turbine itself, do allow 
for the frictional effect and the spilling of the 
steam whilst passing through the nozzles and 
blading. In Parsons blading the carry over 


NR2c^2 X io-£ 


= 2-651. 


Let NR 2 c ?2 X 10-9 =K. then 


_u_ / K 

“ v~W 2-651 


(16) 


and 




K 


for reaction turbines. ( 1 6a) 


The quantity K, first employed by Parsons, 
forms a convenient coefficient for use in tur- 
bine design. For turbines in which the blade 
rings are not all the same diameter, K is 
computed separately for each diameter and 
added together to obtain the design coefficient 

K = (NiC?i2 + isr2c^22 + etc.)R2 X 10-9, 

and from this the mean velocity ratio can be 
obtained. N is equal to the number of stages. 
In the reaction turbine this is taken to mean 
either the rows of blades on the spindle or 
in the casing, but not both. 

Impulse turbines often consist of a multiple- 
row wheel followed by single -row wheels. 
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In that case, since N varies as the square of 
the velocity ratio, a two -row wheel is approxi- 
mately equivalent to (0-45/0*26)2 = 3 one-row 
wheels. Similarly, a three-row wheel corre- 
sponds approximately to (0-45/0* 15) ^ — 9 one- 
row wheels. 

Similar turbines may be said to be those 
of different sizes and output but of the same 
design ; that is to say, with the same velocity 
ratio, stresses, and design coefficient and the 
same number of stages. 

In such a case, from the definition of the 
design coefficient K, the diameter varies 
inversely as the speed, and the area of the 
steam jiassages through the blades as the 
square of the diameter. The total quantity 
of steam passing through, and therefore 
approximately the output, varies directly as 
the square of the diameter or inversely as the 
square of the speed. For example, taking 
as a normal machine 3000 kw. at 3000 r.]:).m., 
then a similar machine running at half the 
speed would give 2*^ = 4 times the output, or 

12.000 kw., and one running at 1000 r.p.m. 

27.000 kw. 

§ (8) RiiitEAT I^'actor. — As the steam passes 
througli a turbine, there is always a certain 
amount of lealcage over the tijis of the blades 
in a reaction ty])o, and through the diaphragm 
glands in an impulse typo. In both cases, 
also, heat is generated by the friction and 
eddying of the moving steam, some of which 
undoubtedly becomes reabsorbed, with the 
result that the steam in the exhaust tends to 
bo drier than would bo accounted for by 
pure adiabatic expansion. For both these 
reasons the specific volume of the steam may 
bo larger, and the total heat drop available 
may bo greater than that calculated by the 
use of adiabatic heat tables. The steam is 
said to bo reheated, and the ratio of the heat 
drop available to the adiabatic heat drop is 
known as the reheat factor. 

The effect of reheating may bo seen on the 
aocom])anying Mollicr diagram {Fig. 7). If 
the initial state of the steam is represented 
by the point on the lino of constant pressure 
pi, the adiabatic heat drop available in the 
first stage of a turbine in which the steam 
expands to a pressure is shown by the 
vortie.al lino If frictional and spilling 

losses are taken into account, the adiabatic 
heat drop will bo 

r]s X 

whore rjg is the stage efficiency based on such 
losses. The reheating effect causes the point 
to move at constant pressure to on the press- 
ure lino and this ropresonta the condition 
of the steam at the end of the first stage. 
If the process is repeated for a multi-stage 
turbine working between and a series 
of stoi)s is obtained ; and since the Unos of 


constant pressure diverge on a Mollier diagram 
it is evident that the available heat drop, 
cKiUa + ftgag + 63^4 4 - . . . is slightly more 
than the adiabatic heat drop as represented 
by the line a^do* As already stated, the ratio 
between these heat drops gives the reheat 
factor. Provided the stage efficiencies are 
known or assumed, this method can be 
applied whether the steam is originally super- 
heated or whether the steps cross the saturation 
line or not. In the latter case, it is probable 
that a more accurate forecast of the reheat 
factor would be obtained if the pressure curves 
below the saturation Hne represented a super- 
saturated condition of the steam rather than 
a state of thermal equilibrium. 



Martin.^ This effect of supersaturation is 
indicated on Fig. 7 by the dotted line. 

III. Types op Steam Turbines 

§ (9) All steam turbines receive their 
steam at a higher pressure, extract work 
from it by passing the steam through various 
arrangements of nozzles (or fixed blading) 
and moving blades, and reject the steam at a 
lower pressure and consequently at a larger 
volume. 

If all, or nearly all, this drop in steam 
pressure takes place in the stationary nozzles, 
the design is known as the hupiihe Turbine. 
When, on the other hand, there is nearly 
equal dro]) of pressure in both the fixed and 
the moving blades as the steam is passing 
through them, the design is generally referred 
to as .ReacMon Turbine.^ 

These names, impulse and reaction, have 

* “ A Now Theory of the Steam Turbine, 
JUnf/vnprrivff, cvi. 1. 

® Sec also “ Turbine, Development of the Steam,'* 

3 E 


VOL. X 
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been adopted from the analogy of the water 
turbine, though, like a number of other terms 
current in engineering practice, they cannot 
be said to be a logical definition of what 
actually takes place in either typo. To a 
less extent, the same objection holds good to 
the alternative definitions of velocity typo 
and pressure type that occur in a number of 
text-books, but which are not commonly used 
in practice. 

§ (10) The Impulse Type.— In the impulse 
turbine, by suitably proportioning the cross- 
sectional areas of the nozzles the increase in 
volume or expansion due 
to the pressure drop 
causes the steam to issue , 

with a comparatively j 

high velocity. The mov- i 

ing blades are so curved 
that as much as is practi- 
cable of this high velocity i 


througli each stage, l)ut remaius the saino c)r 
nearly the same on eacli sitle of tho moving 
blades. 

(i.) Zoelly Turbine.— A longitiidinal section 
through a 'modern type of iini)ulHe turbine is 
shown in IHy. 8. It represents a Zoifily 
turbine as made by tho linn of Msehor Wyss 
& Company at Zurich. Tdic size illustrated is 
designed to dovolo]) 15,000 horse-()ower wlieu 
running at 3000 r.p.m. '’.rhere are s(wen 
stages, each consisting of a row of nozzles 
followed by a single row of moving blach^s. 
The nozzles are formed by a number of xuvkd 
steel blades cast into 
split dia[)hragmH, or in 
the case of tho first 
stage, into a ring bolted 
[ti to tho steam ehest. 

;| Tho cross -seetic >11 al area 

A of tho steam j)aHHago 

\ is reotilinear. In the 
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this case, at 3000 r.p.m., a flexible shaft 
is used, which runs through the critical 
speed under no-load during the process of 
warming up the turbine. Experience shows 
that this procedure can bo followed, pro- 
viding that the working speed is kept at not 
loss than 30 per cent above or below the 
critical speed of the rotor. The flexible shaft 
has not entailed the use of spherical 
scatings for the shaft bearings. These are 
two in number, and are lined with white 
metal. They are lubricated by oil under 
pressure. As there is little or no change in 
pressure Avhilst the steam is passing through 
the moving blades, there is, theoretically, no 
axial thrust along the shaft of an im})ulse 
turbine. It is, however, customary to fit a 
thrust block, shown as an extension of the shaft 
at the high-pressure end; the thrust block is 
usually made adjustable so as to register and 
keep the correct position of the rotor relative 
to the casing. Such blocks can then take 
up any slight axial thrust in cither direction. 
It will bo noted that the casing as a whole 
is not rigidly fixed to the two main bearings, 
but tliat these latter are mounted in so])aratc 
housings on two cross girders embedded in 
the foundation. ’’J'ho casing is carried on 
sliding supports, which allow for any expansion 
duo to heating clTocts. The bearing housings 
can also move axially, so that provision is 
made for the turbine to adjust itself relative 
to the centre lino of the exhaust, which is 
fixed by the condenser. 

The main inlet of the steam is not shown. 
The steam is admitted through a throttle 
governor operated by an oil relay into one 
side of the annular space to which the first 
row of noiizles is bolted. The steam passes 
tUrotigh straiuora to the nozzle segments 
arranged sym metrically in front of the first 
row of moving blades. A supplementary 
steam inlet is provided for overloads, in this 
oiiso between the first and the second stage. 
The stoaui then ])aasca through the remaining 
stages into the exhaust branch that surrounds 
the last row of blades, and from there to the 
condenser underneath the turbine. The shaft 
as it enters and leaves the turbine casing 
passes ilircjugh carbon packed glands, which 
olTectivoly pr(wont any steam from escaping 
ou the live side and maintain the required 
vac-uum at tlio exhaust end. In orrler to 
j)rovont leakage' from stage to stage at the 
shaft, it is nece'ssary to keep down the clcar- 
au(io between the' fixed diaphragms and the 
revolving wheel hubs as much as possible. 
At tlie saTn(' time a certain amount of latitude 
must he allowed for any slight dofioction of 
the shaft. If the pressure drf)p is considor- 
ablo some form of flexible gland is (occasion- 
ally used, such as carbon segments held in 
position by springs ; but in most cases the 


difficulty is surmounted by leaving a space 
between the diaphragm and the hub and 
inserting a number of wedge - shaped soft 
metal rings on the inner circumference of the 
diaphragm, with their apex towards the shaft, 
so that should touching occur no niatexdal 
damage will be done. 

(ii.) Metropolitan-Vicl'ers Turbine . — Another 
example of a modern impulse turbine is shown 
in Fig. 9. It is designed by the Mctropolitan- 
Vickers Company of Manchester, and shows 
one two-row wheel followed by thirteen single- 
row wheels. The normal output is 12,500 
kilowatts, and the speed is 3000 revolutions per 
minute. Instead of allowing the steam to fill 
the annular space in front of the first stage, it is 
admitted into one, two, or tliree separate nozzle 
boxes, according to whether lialf-load, full 
load, or overload is required. These boxes, 
which are made of cast steel, arc so shaped as 
to be free to expand without affecting the 
alignment of the nozzles that form part of 
the first stage. As in the Zoclly turbine, 
])ro vision is made to allow for any expansion 
or distortion of the materials of the turbine 
under the heating cflects of the steam. An 
arrangement of Timlti-exhaiist blading is shown, 
which is ombodied in most of the largo 
impulse turbines made by this Company. 
It is designed to obviate the difficulty of 
dealing witli largo quantities of steam at very 
low })roasuros, which would otherwise entail a 
largo diameter of blade ring oi' the use of 
excossivo longtiis for the exhaust blades. 
'Tho moving blade in tbe last stage but two 
is divided into two portions. The outer half 
is shapcfl to allow the steam passing through 
it to GXX)and to the x>rcssnre of the exhaust. 
The roinaiudor of the steam is by -passed 
through the inner half without expansion, 
and is again divided by moans of a specially 
shaped fixed nozzle to ro])eat the j)roce8s 
through the next row of moving blades. In 
the last stage all the remaining steaxn expands 
to the last row of moving bladf^s and })a8Hes 
through to the exhaust. Tho effect produced 
may be taken as tho oquivakmt of a blade 
height equal to tho sum of tho two outer 
I)()rtions of tho divided blades plus the length 
oE tho moving blade in tho final stages, and 
thus tho loss duo to tho velocity of the steam 
leaving tlio last row of blades can bo 
reduced. 

§ (11) The AxtAL-FLOW REACTiot^ Type, 
Parsons Turbines. — I n axial-flow reaction 
turbines, introduced by Parsons, tho high- 
prossuro steam first enters a row of fixed 
blades, in which it is caused to expand 
slightly and at tho same time to in<‘r('aso in 
velocity. Tho steam is then passed through a 
row of moving blades so proportioned tbat 
whilst tho increase of v('lociiy is absorbed tho 
pressure also diminishes as much as it did in tlio 
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prcvi(uxs row of fixed blades. This combination 
of one row of fixed blading and one row of 
moving blades forms otie stage of a reaction 
turbine, and there are always a large number 
of such stages as compared with the impulse 
type. The pressure falls gradually throughout 
the length of the turbine ; and as the specific 
volume of the steam is correspondingly in- 
creasing, the diameter of the drum carrying 
the blades is stepped up to prevent the blade 
heights from becoming excessive. Each dia- 
meter is referred to as a drum, so that a 
reaction turbine often consists of a high- 
■pressure driwi, an infer mediate-pressure drum, 
and a loiv-pr assure drum, on each of which 
there is an appropriate number of stages. 

In very largo t\irbines the low-pressure drum 
is sometimes made as a separate machine, 
in wliicli the steam generally enters at the 
middle and divides right and left to exhaust 
at each end. In this way the blade heights 
are halved. Such a machine is known as 
a douhle-Jlow turbine. In a few eases the 
doublo-liow low-])rcssuro drum is included in 
(uio (iasing or cylinder. 

For mecbanical reasons of construction 
the heights of the blades arc kept the same 
Cor a number of stages ; but they may be 
Htep])(',d up on each di’um to approximate 
more closely to the oonicnil reaction turbine, 
which is the idojil shape for this type not yet 
completely achieved in i)ractico. 

(i.) Parsons Turbine,^ — Fig. 10 shows a 
modem example of a 10,000-kilow'att higb- 
presHuro tandem turbine, as made by the firm of 
0. A. Ihirsons <fc Company at Ncwcastle-upon- 
Tyno. It is designed to run at 2400 revolutions 
per minute. The live steam, after j)assing 
through the main inlet valve (not shown) enters 
the annular space surrounding the first stage 
from underneath. Overloads are automatically 
taken u{) by the action of the by-pass valve 
shown above this s])aco, which admits the 
fuU-prosHure steam to a second annular space 
surrounding the second section of stages. 
The Bt(jam then passes through the remaining 
rows of bladc^H on the high-pressure drum, 
and is carried by a steampipe connected to 
the largo fiangci shown below the second main 
bearing to tlu^ oonti'o of the second turbine, 
whero it divides to j)aHs through more stages 
to exhaust at both ends into condensers con- 
mHited to tlio two exhaust branches. The 
low-x)r('HHure drum is tbercTon^ balanced, Imt 
the first tiirbino requires balance fistons 
or dmnndes to counteract the axial thrust 
on the moving blades. Those dummies are 
sliown to the left of the first stage. They are 
tlirco in number, one for each diameter of 
the turbine drum ; connecting pipes (not 
shown) maintain an equal pressure botwoou the 
dummy arid the corresponding section of the 
^ Boo also “ Turbine, Bovclopmont of the Steam.’" 



Fig. 10. 
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turbine. It will bo noted that each turhino 
has an end-thrust bearing fitted in front of 
the left - hand main bearing in each case. 
This ensures a correct register of the fixed to 
moving blades, as in the impulse ty})c. 

§ (12) Combination Reaction and Im- 
pulse Turbine. — In the impulse turbine 
the wheels carrying the moving blades arc 
freq[uently referred to as discs, whilst the 
cylindrical spindlo on which the moving blades 
of the reaction turbine are mounted is called 
the drum. Many modern turbines that form 
a combination of the two are therefore known 
as the disc and drum type. In such a case a 
number of stages of reaction blading at the 
high-pressure end of the turbine are replaced 
by one or more impulse stages, with a consider- 
able saving in the over- all length of the turbin<5. 

Richardson W csUjartJd s Turbine. — A disc 
and drum turbine as made by the firm of 
Richardson, Westgarth, & Company of Hartle- 
pool is illustrated in Fig. 11. It has an 
output of 15,000 kilowatts when running at 
1500 revolutions per minute. It consists of 
a two-row impulse wheel followed by tw^o 
sections of reaction blading. The reaction 
stages approximate more closely to the conical 
tjTpe. The axial thrust is balanced by one 
dummy piston, seen just, to the left of the 
impulse wheel ; its diameter is approximately 
the mean of that of the two reaction sections. 
Other features, already referred to under the 
impulse and reaction types, are embodied in 
this design. 

§ (13) The Radial-elow Reaction Tur- 
bine. — Nearly all successful turbines of tlio 
present day work with the steam flowing 
axially — ^that is to say, parallel with the shaft 
or spindle. There is, however, one notable 
exception, the Ljungstrom turbine, in which 
the steam enters the first stage near the spindlo 
and fl(3ws radially outwards at right angles to 
the main axis of the turbine. In this turbine 
there are two discs, each carrying reaction 
blades, which project from thorn axially and 
which are connected to thorn by specially 
shaped ex])anKion rings. The two discs re- 
volve in opposite ways, so that the sj)ocd of 
the rings of blades relatively to one another 
is doubled, which enables the whole of the 
expansion to bo carried out in a single i)air 
of discs. 

(i.) Ljungstrom Turbine. — A diagram of a 
1500- kilowatt LjungsirtHu turbine designed to 
run at 3000 revolutions ])or minute is shown in 
Fig. 12. It is made in England by the Brush 
Electrical Engineering Company of Ijongli- 
borough. Jligh-proHsure steam enters through 
a ])ipc that is brought into the exhaust and 
passed by two expansion joints to annular 
steam chests surrounding the laJ)yriiith pack- 
ing gland on the caul of eacdi sluift. From 
these annular si)aces the steam has direct 


ac'.cosH to the centre of the turbine, where it 
enters the first stage and flows radially to 
the -[mriidicry of the turbine. Arrangotnenls 
arc made for by- passing live steam infio the 
turbine aff<er the first huv stages to (u>|)(‘ with 
overloads. In order to avoid excessive blade 
length, the last few stages are arranged for 
parallel flow. I n the larger ma, (dunes th(^ last 
stage may bo fiti(Hl with the Parsons Uixial- 
flow reaction blading. Siudi an arrange- 
mont can be soon in Fig. 13, wbitdv is a com- 
pounded Hoetioii of lialf the turbiiu^ as far as 
the shaft. The right half of this drawing 
shows the upj>er ])art of the turbine and 
details of the by-pass for overloads, the loft 
half showing the underneath i)art with the 
main steam inlet. 

Elaborate precautions arc taken to allow 
for an expansion of all parts subjcH'.t to high 
toinporaturo without alTocting their relatives 
positions. This is satisfactorily achieved by 
the use of a number of expansion rings, whose 
cross-section somewhat resomblos that of a 
dumb-bell. The metal in the disc or blade 
ring, as the case may bo, is closed round the 
head of this dumb-bell by rolling to fortn a 
circular socket joint that is linn but flexible. 
It will bo noted that all i)arts exposed to 
high-temporature steam, including the radial 
labyrinth }>acking and the steam clu^st iiscdf, 
are linked up to the outer easing by moans of 
these ex])ansi()n rings. radial labyrinth 

glands are so ])roportionod that they balatUH’i 
any axial thrust of the steam tending to force 
the blade discs apart. 

Eacih shaft is direct-coupled to an alternator, 
and the stator windings of the two alt-ernators 
are porinanontly connected in paralkd, so that 
electrically the two machines form a singh^ 
unit, though mechanically they arc revolving 
in opposite directions at half the H])eed of the 
relative velocity of the blades to one anotlun'. 

The Ljungstrom turbine belongs to the re- 
action typo, since there is a drop in pressure 
in each of the two rings of blades forming one 
stage. The heat drop through (uich si>ag(^ will be 
less than the critical value, and ilu’s blade; arons 
may therefore be determiiUHl fi'om Eu* (‘(| nation 
of continuity. E(piation (7) may be wriftem 
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wlmro k is the blade op(ming. 
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or as long as the velocity ratio (a) rev 

mains constant from stagn^ to stages- Tins 
is apj>roxiruately tnu^ in tlu^ largeu’ si/-(‘H of 
I.(j angstrom turbines. The solution of tins 
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equation accounts for the conyergeneo and 
divergence of the steam passage in this typo 
of turbine. 

§ (14) Turbines for Special Purposes.— 
The requirements of a number of industries for 
steam other than for power generation have 
resulted in the design of inodihed types of 
steam turbines, both impulse and reaction, 
which have gradually come to be known by 
distinguishing names. For instance, a tur- 
bine may he made to work non-condensing 
to exhaust either at atmospheric pressure or 
above it. This enables a constant supply of 
low-pressure steam to be available for manu- 
facturing purposes. Such a turbine is often 
called a back - pressure, turbine. More com- 
monly, the demand for low-pressure steam is 
not regular, but varies from time to time, as in 
heating the factory, which is a winter demand, 
or in a number of manufacturing processes that 
are intermittent. In that case the turbine is 
so arranged that steam may be drawn ofi as 
required from a point just above atmospheric 
pressure, whilst the remainder of the steam 
passes through the low-pressure end of the 
turbine to the condenser in the usual way. 
The name reducing turbine is applied to such 
a design, though in the United States of 
America they are often called bleeder or eX“ 
traction tiirbhies. 

In a reciprocating engine, on account of 
fluid friction and the size of low-pressure 
cylinder that would he required, it is rarely 
possible to carry the expansion down to the 
vacuum in the condenser, and release generally 
takes place at 2 or 3 lbs. per square inch above 
the pressure in the condenser. Thus the whole 
of the energy in the last part of the expansion 
is lost in such an engine, and the extra heat 
drop due to high vacua is not available. As a 
result, vacua for reciprocating engines are 
generally between 25" and 21", and are rarely 
higher. In the case of a steam turbine, how- 
ever, by suitably proportioning the exhaust 
blades the very highest vacuum possible in 
practice can as a rule 1)0 made use of, and 
therefore vacua from 2SY or 29", or even more, 
are common. The great advantage that a 
steam turbine has in l)oing able to utilise the 
highest vacuum possible is at once soon if the 
heat drop available by Peabody’s tables from 
(say) saturated steam at 215 lbs. absolute to 
various vacua is considered. 

To 25'Wacuum 294 B.Th.U. available. 

20" „ 300 „ 

27" „ 320 „ 

28" „ 343 

29" „ 370 

Here it is seen that between 27" and 29" there 
is a dilfcronco of 50 B.Th.U., or, say, 15 per 
cent. 

I-Tiis capacity of thc^ steam turbine for 
utilising high vacua has led to the introduction 


of Wxhamt Turbines', whore the Hicham from 
a reciprocating engine oxhauHtiiig ati about 
atmospheric pressure is further utilised ; and as 
a rule the power derived from sucdi a iurl)iiie 
is about tko same as from the nuuprocaiing 
engine. Thus the ])ower obtained with a given 
amount of steam is doubled. In many cases 
the reciprocating engine and the steam turlnm^ 
form one unit ; but if the rc(3i[)ro(jating engiiK^ 
works intonnittontly, as in the e.ase of a rolling- 
mill engine or a winding engine, a thermal 
accumulator is fitted betvvoon tlie two to give 
an approximately constant supply of steam to 
the steam turbine. In some (uises, however, 
the supply of exhaust steam is at certain tinu^s 
liable to fail or to ho inauniciout to aui)ply tho 
turbine, and then a high-pressuro stage is 
often fitted, to which high-j)rcssuro Bt('am is 
automatically turned on when tlio low-preissiiro 
supply fails or is not sulliciont. I’lio turbine 
is then called a Mixed-pressure Turbine. 

IV. Principles of Steam Turbine Desiun 

§ (15) The Impulse Type, (i.) Conditions 
of Service . — In designing any particular tur- 
bine the following conditions would ho known, 
or should be assumed : typo, output, speed, 
initial steam prosauto on tho boiler side of the 
stop valve, superheat, and vacuum. 

Tho mean blade speed {u) is limited by 
rotational stresses, a common I^uropcMin prac- 
tice being 000 foot per aeconcl, though in 
America spce<ls of 800 f<‘ct i)or secoml have betm 
used. 

T’ho moan diamotor of the l)la(lo ring {d) 
follows directly from equation (15), 

when tho blade sjiood is 000 foot per Hccond. 
To estimate the number of stages, the availabUi 
boat drop per pound of steam tlirough the tur- 
bine is required. This can be oonsidorod in a 
variety of ways (see § (8)) ; hut, as a rule, it 
is siifliciently accurate for this ])ai'iieular pur- 
pose to assume ainii)le adiabatic ex])anHion from 
tho initial pressure on the boiler Hi<k'. of tlu^ 
stop valvo. Unless a very la.rge senk' Molli<3r 
diagram is available, heat-<lrop or kMnpcu'ature- 
entropy tables sliould h(3 uhchI. In this (um- 
nootion it is worth noticing tha,t IkMibody’s 
tomporaturo-entropy tables only go down to 
0*594 11). i)er scpiare imii. If a lower jn’essure is 
required, it is ncuicssary to extrapolate ; Init 
tho ratio of the heat drop to tlie tenqxu'aiure 
curve may be taken as a straight lino in this 
region, which makes it possible for the rcMfuired 
figures to bo easily obtairuxl. 

Velocity ratios (a) sliould be (iiosen with 
tho aid of tho curves or table in § (d). IIkui 

i?! foot per second 
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for the first stage ; and the adiabatic heat drop 
(1^) for tliis stage is obtained from formula (3), 


r __ {'^^1^1)" 

224^" 


(3a) 


If the turbine is of the impulse type and 
consists of a two-row wheel followed by a 
number of one-row wheels, I^ may vary 
between 20 and 30 per cent of I, the total 
adiabatic boat drop through the turbine. 
Similarly, for the one-row wheels, 


feet per second, 


and the adiabatic heat drop (To) in each one- 
row wheel 




(36) 


Since, neglecting the reheat factor, which is 
generally small, the B.Th.U. available in all 
the one-row wheels is I~Ij, the number of 
one-row wheels required (No) will be equal 
to (L-lj)/!^ to the nearest whole number. 
The velocity ratio (a^) ])rovisionally assumed 
for the one-row wheels can bo chocked by 
formula (lb) 

/nr^(/;-^Tio-« 

"a-V’ -"a.osx • 


In. this formula N equals the equivalent 
niunbor of one-row stages, or 

N = 3-1-Na 

for a two-row wheel followed by single rows, 
on the assumption already made, that a two- 
row wheel is equivalent to three one -row 
wheels. 

(ii.) Proportions of Nozzles . — If it is desired 
to ])r(")ceo(l further with the design and to 
cahnilato the proportions of the various 
nozzles, it is advisable to modify the abovo- 
doHciibcHl method of arriving at the heat drops, 
so as to conform more to conditions pertaining 
to actual pracdico. 

The initial steam ])rcHSuro and temperature 
arc moasurcnl on the boiler side of the stop 
valve. Ah the steam ])assos through the valvo 
and governor gear, there will ho a drop in 
})resHuro before it roaches the first stage of the 
turbine. This is frequently assumed to bo one 
al/mosphero, or, say, 15 lbs. per sfiuaro inch. 
1110 temperature, on the other hand, will 
remain the same, (^xco])t for one or two degrees 
radiation loss. 

The adiabatic heat drop will tberoforo bo 
measurc^d on a slightly higher entropy due to 
the increased su])erhoat ; but as the range of 
pressure is 15 lbs. loss, the total boat available 
will bo from 0*5 to TO per cent less. The heat 
drop in the two-row wheel will ho the same as 
Ixdoro (1^), so that there will be slightly loss 
heat available ft)r the one-row wheels. Sup- 
posing that instead of 1 heat units it is found 


that only I' heat units are available (where 
r=(l -0‘01)I). Then the heat drop in the 
two-row wheel remaining the same leaves 

r-ii=V, 

or IVI^2 B.Th.U. available per stage in the 
one-row wheels. 

Owing to causes pointed out in the para- 
graph on the reheat factor, the actual B.Th.U. 
through the turbine vdll be higher than I' ; 
but as values of the reheat factor are difficult 
to estimate correctly, this adjustment is better 
left to the discretion of the individual designer. 
It will be found near enough for the purpose of 
deriving the nozzle areas if the reheat factor 
is omitted in estimating the pressure drop, 
and an approximation made in the probable 
increase in the volume of the exhaust steam 
due to reheating. If there had been no reheat- 
ing, and therefore no increase in entropy (cp), 
the specific volume (Vf) of the steam at the 
exhaust pressure corresponding to the 
adiabatic heat drop (!') can he found direct 
from the tables. If now an internal efficiency 
{r)i) for the whole turbine is estimated from the 
curves shown in § (0), then the actual heat 
drop through the turbine w^ould equal rjiP. 
(In the example such an efficiency would lie 
somewhere between the two-row and the one- 
row wheels, say 82 per cent.) The heat thrown 
away in the exhaust would be 


B.Th.U.-^a' = V, 


where B.Th.U. represents the total heat at the 
beginning of the first stage of the turbine. 
From the temperature-entropy table, I'o and 
Po corresponds to an increased entropy and an 
increased specific volume Y\. In the absence 
of more definite information the percentage 
increase in volume. 



X 100, 


may bo distributed gradually over the one- 
row wheels of the turbine. (For instance, if 
there is an estimated increase in specific 
volume of 9 per cent to be spread over 9 one- 
row wheels, then the adiabatic specific volume 
for the first ono-row wheel should bo increased 
1 per cent ; for the second, 2 per cent ; and so 
on up to 9 per cent for the ninth or last ono- 
row wheel.) 

To estimate the nozzle areas it is necessary 
to know the output (kw. or h.p.) of the turbine 
and the over-all efficiency (77). Then, since 
1 kilowatt-hour = 3412 B.Th.U., or 1 horse- 
power-hour— 2540 B.Th.U., 

Q = ^^A^xkw. . . . (17) 


or 


2546 ^ 

T- X h.p. 
77I 


. (17a) 
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If tho drop in pressure through the nozzle is 
beyond the critical, the thoorotical area (a) in 
square inches follows directly from equation 
(5a). a = Qt/Mpi sq. in. for saturated steam, or 
QJMsPi sq. in. for steam initially superheated. 
In practice this area would be increased about 
3 per cent to allow for nozzle loss. 

If the drop in pressure through the nozzle 
is less than the critical, equation (7) should be 
used : 

® = 

where Y' is the corrected specific volume in 
cubic feet at the exit from the nozzle. 

Each row of nozzles should be set out to 
scale, to see that tho above areas come out 
correctly. On the assumption that tho whole 
of the expansion takes place in the nozzles, 
the approximate face area of each arc can be 
determined from the nozzle angle (0). From 
Fig. 14 it will be seen that the distance o is equal 



'Em. 14 . 


to I sin d. With duo allowance for divergence 
and thickness, o' = M sin 6 where k m & con- 
stant embodying the ratio o' jo and the thickness 
of the nozzle plate. It is most conveniently 
determined from the drawing board. The 
face area of the nozzle arc or segment (^Ih) 


Since the cross-sectional area of each nozzle 
is o'h, the theoretical number of nozzles in tho 
arc for normal full load is «/o7i. 

In practice, overload valves are generally 
fitted, making it possible for this number to bo 
increased by about 50 per cent, to allow over- 
loads to bo taken, and to allow full output to 
bo obtained in emergency under redxxcod steam 
conditions. When the length of the arc ^2 
exceeds ttcZ, the mean circumference of the 
blade ring, the height h must bo increased ; 
but as it is not generally advisable to have 
hjd more than a certain ratio, it may bo 
necessary to increase the blade angle towards 
tho exhaust end of the turbine, to obtain 
sufficient area. 


§(16) Tin2 Axtal - Ki.ow Uiaaotion Typio 
(Pausons).^ — Tho reaction turbiiu^ has a largo 
number of stages c()m[)aro(l with tlie impulse 
typo, and expansion of the sU^am takes place 
partly in the fixed and ])artly in the moving 
blades, instead of practically all in the fixxnl 
blades or nozzles, as is tho case with the 
impulse typo. Kor the purposes of design 
equal expansion in tho fixed and moving bhulos 
is assumed ; and tho largo numl)er of stages 
ensures that the pressure drop througli eacih 
stage is always loss than tho critical, and since 
it is not advisable generally to have a greater 
blade height than <2/5 oxcc])t at. the (exhaust 
end, tho sjundle diameter is stej)])ed up as 
occasion requires, a common ])ractico Ixnng 
to have throe stages, which are then called 
the high-pressure, intormodiato-pressure, and 
low-pressure drums rospoctivoly. Wpindlo 
diameters are arbitrarily fixed, usual J)rop()r- 
tions being in tho ratio 1 : or 1 : Ji. 

Tho ideal turbine would have successively 
increasing blade heights in each oylinxhu’ 
to form what may bo called a “ conical ” 
turbine ; but in order to make machining 
practicable it is often arranged for tho blades 
to form a series of parallel stoi)8, tboiigh there 
may be several such steps on each drum. Tho 
fact that expansion takes place in both fixed 
and moving blades and tho large numhxu’ of 
stages makes it tedious to use tho heat-droT) 
method outlined for the imjnilso turhinc. It 
is better to calculate the [)ressure througluvut 
the turbine in tho following way : 

(i.) The Presmire along an Axiahjlaw lie- 
action Turbine . — For tho sake of Him])licity 
this is calculated for satxxratcd stevun. For an 
elemental difference of pressure dp with aix 
adiabatic boat drop 

b“ = 2(7H^^. . . . (18) 

T 

Since tho pressure drop in each, reaction 
stage is always loss than tho (U'itic^al, tlu^ 
equation of continiiitv gives tho relation 
c=^QV/ZmOA, hutV:^n/l44p, 


so that 


Qll 

"".‘■JOOO X 144 pA 

QM 


and 

Equating (18) and (19), 


a 

Slid) X Wy^A^' 


(I!)) 


(i4 ’4pdp • 


'26 -9 X I0‘<>Aa* 


Integrating h(4.vv(^en tho limlfiH of and p^, 
ami including N the number of stages ' that 
is, tho number of rows on either tlio Hpindle or 


» Hee 
§§ (% (il). 


Turbine, Dovclopnuuit of the 


Hficam," 
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the casing that have the same mean diameter 
and height, 

G4-4, , ^ ,, 2NQ2H 
2 ^^“^~26-9xlO“A2’ 

which on reduction gives 

. . nq^h 

Pi Pi “4-33 X 

For a turhino worldiig between the limits of 
'P^ and Pq this becomes 

= • (20) 

p^^ is always small compared with p-^, and p^^ 
may bo neglected. Equation (20) may then 
bo written _ 

^> = 2(?8wVK£)’ ■ (20a) 

which is the formula for the pressure along an 
axial-flow reaction turbine. 


In practico it is more convenient to work with 
the moan ring diameter d and the blade height h 
than with the area in sipiare feet A. The opening 
o' (see Fig. M anU') of a normal reaction blade may 
b(^ iiak(ni as O’llH/ ; and si nee tliero in always full 
peripheral admiHHit)n, 


A 


O-UHttM 
144 “ 

M 

“l30>9' 


(21) 

(21ci) 


feJubstituting for A in etpiation (20a.) gives 




.0*03 X 10“ 



(206) 


When allowance is made for carry-over in the 
oxhauHls Hteain iiHcd to opcTato the governor (if used), 
leakage over the tips of tho blades anti in tho dummies, 
and i/lm st.t'am used for paeking the glands, tho value 
for p woidtl be about 80 pt^r cent for small and 87J per 
cent for large turbines of the tlicoretical value given 
by this (‘xpreHsion. It may also be taken to incroaHO 
in the rai-io of the square root of tho absolute tcrapern- 
tiire if Hiiperlieatetl stt^am is used. I’liis formula may 
bet eililu'r for one dnim of uniform diameter or 
for a stories of inert^asing steps in which each drum 
is of uniform diameter. 

In some turbines, instead of the blades l)eing on a 
HorioH of steps, an approximation to the theoretical 
]i(4ghtH is oi)taiued by making the wliole or part 
of the turbuie with increasing blade heiglits In ap- 
proxininto to a cone ; for the eonioal parts of such 
a tiirbiae 12(N//i2f/®) may be evaluated as follows; 
(lonsider a spindle of uniform diameter S with N 
stages of lixed and moving blades increasing evenly 
from a mean diannh'r fb to a mean diameter 
and let li^ and be the blade heights at inlet and 
exit, ^riion 

dx---iS I /ii and da -S 1-7^2. 


If 


/ia ' ^ 1 dg dj 

' N N ’ 


then the average height 7i=7ti+aa:, and the average 
mean diameter d =di -f-aa:. 


Hence 


\_ hH'-} 


dx 




\aa;-fdjL 


. ~ 

fla: + 7q 2{ax~\-d^)^ 


d, - 7t- 


&■) 


d{ax) 


2 r, 1 

di7i2‘^ “ 2 






+ ■ " "(5a+ 

+-:r ( tV+ ' 


2 \d1d2 h-^ 


2{ax-\-h-_ 

*)}™ 

s))' ■ “ 


The log term is negative and small compared with 
tho second term within the bracket, l/didg is also 
small compared with l/^i7i.a. Tho omission of these 
two terms, which to a large extent compensate one 
tho other, would reduce equation {22a) to 


N 

fe“/q/)'2 


. (226) 


as an approximation. Tho expression for the 
pressure along a conical turbine then becomes 

,.=0•03xl0-.‘Q^/HAs^• ■ W 

Equation (20&) may bo writtcai 

^q=0-03x 10“'‘Q,,/hV 5, . • (20d) 

whore So roprcRonts an imaginary resistance of tho 
turbine if tho steam were expanded down to zero 
pressure fronr tho exhaust pressure ( 2 ^ 0 )* evaluat- 
ing this expression for and then w'orking back- 
wards from the exhaust end it is possible to calculate 
tho pressui'o drop (p) through each stage when tho 
blade heights and diameterH are known or assumed. 

(ii.) Relation between the Pressure and Parsons 
Design OoeJJicient K . — For a conical turbine 
the design coofficiont may ho evaluated as 
follows, using the notation of tho x)rovious 
paragraph : 

K= EENd^'jR^^ k 10“» 


= Ry(dj. I ax)Hx k 10-^ 

= fJ('^='''-<«x’)xI-0-" 

l''*i“) X lO"” (23) 

= ^f\<k \ '*a)“ >■ )0-»n«vrly. (23c6) 


For tho ordinary axial-flow reaction turblncB 
with stei)pod spindles and blades, the design 
coofliciont hocomos 


K=[NA^ l-NA'dNA2]I,r- k 10-", 


whore the suflixcs roi)roHcnt tho thro(^ cylinders. 
An arbitrary but convenient (livision is to 
assuino that there is on the low-presHure 
cylinder and JK in each of the other two 
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cylinders. If a velocity ratio (a) is ohosen 
from the curves or table in. § ((>) and assumod 
to bo cojTstant for the whole turl)ino, 1C can bo 
obtained from formula (Uia), 


/ 

“"V i-:(2r • 


. (U5a) 


when the total heat drop ( 1 ) is kaown from the 
steam conditions. 

This enables the number of stages on each 
drum to bo obtained when once the diameters 
are assumod. 

2(7 P 


Again, 


where i and dp arc the heat drop and diiforonco 
in pressure per stage. By integration 


whence 


778 1 = H log. ^>=2‘3H log X, 

MK log X 
778 "“ 


Hence the velocity ratio may bo written 


— V 
■x/l 


_ 7781C 
'3 X 2*3H log"'X 


(24) 


_260K 
H l 6 fX- 

If an average value of 65,000 is inserted 
for the homogeneous head H, e( 3 Luation (24) 
becomes 


o.= ^J 2 


K 


2C0 log X' • • ■ 

which means that if log p is plotted against 1C, 
assuming a constant H, the result will bo a 
straight lino. This forms a convenient chock 
on a tabulated design, to see how near the 
velocity ratio remains constant through the 
turbine. 

(iii.) Proportions of Blading . — The volume of 
steam flowing per second may bo written 

cubic foot per second ; 

and the steam velocity 

”~36()0A second. 

Since A - from equation (2 1 . ), 

144Q,V' - , , 

Again, the hlado speed u from formula (15) is 
fiocoud, 

so that the velocity ratio (a) may bo written 
tmOTrBUuP 
“”c'‘'23(»x M4(JV' 

_ 

~mQV'' ■ • • 


(2(5) 


For a normal roii(dion blade tlu^ oiHMiing /»; 
may bo taken as (htlb ; but in order to pnna^nt 
the blaxlo lunghis from becoming (^\c(‘HHivo 
towards the exhaust eud A' may e(jual 0*5 
(semi-wing blades) or (h7 (wing bhuh^s). 'Phis 
is a convenient exprc'ission for (h^iormining tlui 
heights of the blad(^s, particularly at the 
exhaust end, when due allowaiau^ has Ixuai 
made for reheating in the liiial sp(Hulic voluuu'. 

(3. H. 


STIOFAI^-BOl/rZMANK LaW OK HiAI>IATlON : a 

law wlu( 4 i staiios that tih(^ total I’adijdioit, of 
all frequencies, in unit volunu‘, is a function 
of the ahsolute temperataire T only, and is 
pro])()rtiouaI tu the fourth power of ^P. 
See Radiation Theory,” § (5) (i.) ; Ryro- 
nietry, Totial R, 3 uliatlou,” § (2). 
STumiiQN.soNhs Rod KMT.” Soo ‘'Steam 
Bngims Rooii)rocating,” § (15). 

ST.IMKNKHH OK J^KAMH. S(H) “ StrUCtun^S, 

strength of,” § ( 6 ). 

STiRUNtfls ( Iyoljo. See “ Thermodyn 3 inutis,” 
§(27). 

StOICTSH’ .IfORMtrnA for TTIM RMHISTANdWH TO 

TiiF Motion of a Stttmhm in a Virooitb 
Liquid. See “ Friction,” §§ (8), (21). 

Stone, Beiok, and (toNoitMTM: (<ekkhad 
O oNDiTioNS for Tmstin(3. S(m> “ thastic 
Oonstants, l)(>t(UTtnu 3 iition of,” § (1.35). 

Stonk and Biuok- '■PAiumATMD R.MSlII/rS OK 

(!kU8IIINC3, TrANHVMHHM AND AUSOIO'TION 

Tmhth. See” Flastic! (hnstRiits, l)et(M'n\ina- 
tion of,” § (135), '■Pahle 51, 

Strain : a ttwm used to demote a (h^ve'lojntKmt 
of the ])urely kinenuitic (‘onc.('i)tioti of rela- 
tive displaeemumt ; two kinds of stTitiu 
must 1)0 distinguislied : 

(a) ” Stretch ” or ” Fxt.ension,” detiTU'd 
as the limit, wJion AB is iudetinitely de- 
creaaod, of the quantity 

rAar-Ain 

AK i 

where All is aai ehmumt of lenigth along the 
axis <);t\ juul A', B' Irlu' posit-ioiis of th<‘ 
pointiH A aaul R wlam (lie nialiciial is 
Hlir(4ich(vl. 

(/j) ” »SIi('ar - stiniin ” or ” »SIi(l<\” ddhuHl 
as the vjilnc' of 7 , in t'hci ('.spn'ssiou 

7 /(I'A'F/ /(lAM, 

wIk'U the original /(lAR is a right' atigles 
/OAM Ixung oTK^ of tth(^ angles of tlie 
elementary paralh'Ie^piped of th<MlaHti<*. solid, 
and (!', A^, VY tlie lunv positions of the 
points (1, A, F wlnm the sohM is stan'ticlual. 
See ” Flastldty, ddieory of,” § (3). 
5STHr']AM-,KriOW,(i)AU(3rN(3 OK. Sex) ” 11 velraulicHd’ 

s (»)■ 
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STKEAM-LINE MOTION 

A ‘‘line of motion,” in Hydrodynamics, is a 
lino drawn from point to point always in tlie 
direction of the velocity. A system of such 
lilies, if drawn sufficiently close, gives an 
instantaneous picture of the whole state of 
motion of the fluid so far as direction only is 
concerned. In the case of an incompressible 
huicl the re]'>rcscntation can be made to in- 
clude the magnitude of the velocity as well. 
In two-dimensional motion, for instance, the 
velocity is indicated by the greater or less 
degree of (dosencss of the lines, if these are 
suitahly spaced, being everywhere inversely 
proportional to the distance between adjacent 
lines. In throe - dimensional cases we must 
imagine the iiuid to bo made up of filaments, 
or “ tubes of (low,” each containing the lines 
of motion which traverse a small area. If 
tlic sizes arc adjusted so that the flux, i.e. the 
product of the velocity into the cross-section, 
is th<' same for each tube, tlio velocity will be 
every wlicro inversely proportional to the area 
of the (U'oss-sec.tioii. 

In gmieral the configuration of the lines of 
How is eoutiuually changing, so that the lines 
of inot-iou may dilTer widely from tlio actual 
paths of iiho particles, it may happen, 
liowovi'r, tlial; the coidiguration is porsistout, 
whether absolutely in space, or relatively to 
a moving solid. The latter case da reduced 
to the former by impressing on everything a 
v(doeity equal and op])osite to that of the 
solid. The motion of the fluid is then said 
to bo steady,” and the lines of motion are 
api)ropriat('ly described as “ stream-lines,” 
since they arc now the actual paths followed 
by i.ho fluid pjvrtielcs. 

'rii<^ How of a real fluid relation to an im- 
mcrs('(l solid is, however, seldom entirely 
“ stciidy.” Undei* the influence of friction 
eddies are formed wliich arc continually 
detached from the surface, and drift away 
until tluy are finally extinguished by viscosity. 
To (liminiah the loss of energy and consequent 
inerc^asod resistane-c, due to this cause, it is 
im))ortant, in siudi questions as the design of 
aeroplanes, airships, and oven aeroplane struts 
and wires, to choose such forms or sections 
as arc found (empinoally) to reduce the forma- 
tion of eddies to a minimum. Such 
sha'poH are known as “ stream-lino ” 
Era 1 them can 

’ ‘ be roprestuited to some extent by 
a permanent system of stream-Unos. They 
an^ not unlike the contour oS. a fish, in that 
tlH\y ai'o rather blunt in front and taper 
towards the rear. 

The tracing of the stream-lines in various 
typi(ial eases of motion of an incompressible 
fluid is an important problem of theoretical 


hydrodjmamics. In two dimensions this is 
facilitated by the use of Lagrange’s “ stream- 
function ” i/', which may be defined as follow's. 
The motion being supposed everywhere parallel 
to the plane we draw in this plane a line 
from a fixed point A to a variable point P. 
The quantity of fluid which in unit time 
crosses any twm such lines (say from right to 
left as regards the direction from A to P) will be 
the same, provided the space between them is 
wholly occupied by fluid. It may therefore be 
regarded as a function of the position of P ; 
W'e denote it by i^p, or simply by If P 
describes a stream-line, no change ensues in 
the value of and the equation of the family 
of stream -lines is therefore 


constant. . . . (1) 

If ds be a line-element drawm in any direction, 
and d\p the corresponding variation of we 
have 8\p — qdSt where q is the component 
velocity at right angles to 5.?, reckoned positive 
when from right to left. Hence q = d\plds. 
As particular cases, the component velocities 
at P parallel to the co-ordinate axes are 





( 2 ) 


These satisfy, as they ought, the equation of 


continuity 


dx'^dy 


( 3 ) 


Any form (free from singularities) wdiioh wo 
may cliooso to assign to gives a state of 
motion which is geometrically possible as an 
instantaneous condition ; but it does not 


follow that this can persist dynamically, even 
in a frictionless liquid subject only to the 
mutual pressure of its parts. 

If the motion has been generated from 
rest, cither by pressure only, or under the 
action of ordinary forces such as gravity, it 
may bo showm that the component velocities 
can be expressed also in the forms 


d((> d<p 

W 


whore (/> ia fi function called the “ velocity- 
potential ” from its analogy with the gravita- 
tional and olootric potentials. The curves 
0= const, are accordingly called “ equi- 
])otontial ” lines. If 5s bo a linear element 
drawn in any direction, the velocity along ds is 


(lx . (ly d(p 

(Is (Is ?s 


from (4). It follows that the component 
velocity along an equipotontial line is zero, 
and therefore that the curves <55> = const., 
t//= const, intersect at right angles. If these 
curves be drawn for a series of equal infinitesi- 
mal incrementH of </> aiul tlu\y will, moreover, 
divide the piano into infinitesimal squares. 
For if ds bo the distance between two consecu- 



800 


STREAM-LINE MOTION 


tive stream-lines, and Bn that between two 
consecutive equipotential lines, the velocity 
may be expressed (as regards magnitude) 
cither by or by B<t>!^n. Hence if ~ B(f> 
we have 56' = 

A solution of the combined system of equa- 
tions (2) and (4) is obtained by any assumption 
of the form 


(i> + i^p=f{x + iy), . . 

(6) 

where i = v'( - 1), For this makes 


00 .00 . . ./00 .00\ 

(7) 

whence, equating separately the real 
imaginary parts. 

and 

00_00 00_ 00 
'by~~'dx' dx'" dy' 

(8) 

The particular case 


<p + i}p=Y{x-i-iy) . 

(9) 

gives a uniform flow with velocity V in 
direction of (^-negative. 

Again, the assumption 

the 

0 + = C log (a; -t- iy) = 0 log (re^^). 

(10) 

where r, 6 are polar co-ordinates, gives 


0 = C log r, = 06. 

(11) 


The stream-lines ^=: const, are straight lines 
radiating from the origin, which may be 
regarded as a fictitious “ source ” of fluid. 
Since the velocity is - 00/0r = - O/r, the out- 
put of this source, as measured by the flux 
across any circle of radius r, is - 27rC. 
if in (10) we put 0 = i0\ we have 


the line ^=0 consists partly of the axis of 
X (2/=0), and partly of the circle r — a. The 
formula therefore represents the flow with the 
general velocity V past a stationary cylinder. 



There is a similar theory for the case of 
symmetry about an axis. The motion being 
supposed to take place in a series of planes 
through Ox, and to be the same in each such 
plane, a lino AP in the plane xy will represent 
an annular surface about Oa*. If A is fixed 
the amount of fluid which in unit time crosses 
this annulus will depend only on the position 
of P ; we denote it by 2x1//. If P be displaced 
parallel to Oy, we have 2x5i// = - . 2TryBy, 
where u is the velocity parallel to Ox. Again, 
considering a displacement parallel to Ox, we 
get 27 rB\l/=v .2TyBx, where v is the velocity 
at right angles to 0.^;. Thus 


1 ^ ^ 
y dy' “y dx 


(16) 


In the same way the velocities along and 
at right angles to the radius vector OP are 
found to be, in polar co-ordinates. 


</)=~C^, xp^Clogr. . . (12) 


The stream-lines are now circles about the 
origin. We have the case of a “ free vortex,” 
but the region immediately about the origin 
must be excluded from the domain of the 
formulae, since the velocity there would be 
infinite. 

Again, the assumption 


, , C _C{x-i7j) 

^ ^^~x+iy x^ + y^" 




Cx C cos 6 


x^ + y^ 


--Q- 


(13) 


(14) 


gives two systems of circles touching the axes 
of y and x, respectively. The circles ^ = const, 
are the lines of flow due to the motion of a 
cylinder parallel to the axis of x. This may 
be seen by superposing a uniform flow parallel 
to X, thus if 




% m 


sine do ^ rsin<9 0r* 

When a velocity-potential exists we have also 

. (18) 


00 00 

""" 0a;’ 0^ 


~ dr’ 


v'~ — 


00 

rdd' 


(19) 


In the case of a uniform flow parallel to x 
we have obviously 

<p = Yx, \p=lYy\ . . (20) 

The next simplest case is that of radial flow 
from a source at the origin, viz. 

^=2 .... ( 21 ) 

c 

whence ^'=0- • • ■ (22) 

Comparing with (16) we have 

f = Ccos«=C*. . . (23) 


The case of a “ double source,” i.e. of a positive 
source and an ' equal negative source (or 
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“sink”) close together at the origin, is 
deduced by ditferentiation with respect to x. 
Thus 




(24) 


This represents the case of a sphere moving 
through a li(xuid which is otherwise at rest. 
For, superposing a uniform flow parallel to x, 
wo may write 

= • • (25) 

The line f — O consists partly of the a-sis of x 
and partly o£ the cirole r=a. 

The variation of pressure along a stream- 
line, in the steady motion of a frictionless 
liquid, is given by a simple formula due to 
I). Bernoulli (1738). Consider two cross- 
sections 5Si, 58^ of a tube of flow. Let p 
denote ])re8suro, v velocity, p the density, 
V the potential energy per unit mass relative 
to the fiold of force, if any. Tn the time dt 
a mass crosses the first section, and 

an equal mass crosses the other. 

Hence the i)()rtiou of {luid which was initially 
included betNveen the two sections has gained 
energy to the amount 


l(pV.j -1- \pv^) - (pVi + lpv^^-)}pv5S5L 


An amount of work i’jSi has been clone 

on it at the first section, whilst it has done 
work on the adjacent fluid at the second, to 
the amount The excess of work 

done on. it is thoreforo (pj - Equating 

this to the incromont of energy, wo find 


Pi =p 2 +pV2 + lpv^\ (26) 


The quantity 

p-hpY+lpv^ 


is ealkul the “ total head ” ; it is hero 
proved to bo constant along each stream-line, 
l)ut not iK'cessarily when wc pass from one 
Hti'(Mun-lino i.o another. This theorem is the 
basis of th(^ method of moasuiing the velocity 
at any point of a stream by moans of a “ Pitot 
tul)<}.” The above proof assumes that friction 
may bo nogloctod, but not that a volocity- 
potontial exists. In the latter case the state- 
ment may be oxtendod ; the "total head is 


then (iverywhera tbo same. 

A Himi)lo proof of this statement may bo 
given for the ease of two dimensions. Lot 
bo an element of a stroam- 
liuo, and lot PP', QQ' bo normals 
drawn to an adjacent stream -lime. 
Ultimately PP' and QQ,' will be 
elements of two consccutivo 
o(pu])otcnUal lines, so that the 
fall of potential (0) from P to Q will bo the 
san\o as from P' to Q'. Hcimo, if v and 2 ; + 5?; 
bo the corresponding velocities, 



~-d<f>-.v,Vq=^^iv-\-8v)l>'q', , (27) 


But, writing R for the radius of curvature of 
the stream-line at P, and dn for PP', we have 


PQ _ B du 

P'Q'"R-59i“ 


ultimately. 


Hence 


8w~R* 


(28) 


Again the normal force per unit volume at P 
is"p7;“/R, whence, resolving the forces on a 
small element, 


3V 

^R ”” ^dn ' 


(29) 


Having regard to (28), this may be written 

^{p+pv-hyv^)=o, . . ( 30 ) 

showing that the total head does not vary 
when w'c pass from one stream-line to another. 
The above proof could be extended to three 
dimensions with the help of elementary prin- 
ciples of the theory of curvature. h. l. 


Stream-line Motion. See “ Ship Resistance 

and Propulsion,” § (16). 

Stress : 

A term used, in the theory of elasticity, to 
denote the limit to which the quantity 
p, defined by 

^> = [areaof ABDc]’ 

tends, as the area is indefinitely reduced, 
where ABDC is one face of a small 
parallelepiped of the elastic solid under 
consideration, and P is the resultant force 
due to the total action across the face 
ABDC exerted upon the material con- 
tained in the jiarallclepiped. See “ Elasti- 
city, Theory of,” § (3). 

Alternating Stress Tests on Mild Steel. See 
“ Elastic Constants, Determination of,” 

§ (68), Table 27. 

Analysis of. See “ Structures, Strength of,” 

§ (2). 

Bairstow’s Ex])crimcnts on Elastic Rianges 
of Stress. Sec “ Elastic Constants, Deter- 
mination of,” § (C9). 

Bausohinger’s Theory of Failure under 
Repeated Stresses. Sec ibid. § (69). 

The Criterion of Failure under Combined 
Stress. See ibid. § (75). 

Effect of Rapid Changes of Section and 
Surface Condition on the Limiting Range 
of Stress. See ibid. § (73). 

Effect of St)cod of Testing on the Limiting 
Range of Stress. See ibid. § (72). 

Experiments on Metals under Combined 
Stress. See ibid. § (76). 

Experiments on the Repetition of Stresses, 
See ibid. § (08). 
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Formialae for Repeated Stress Tests. Sec 
ibid. § (70). 

lu a Structure due to External Loads. See 
“ Structures, Strength of,” § (4). 

Intensity of. See ibid. § (5). 

Maximum Shear Theory of Eailurc under 
Combined Stress. See “ Elastic Con- 
stants, Determination of,” § (75) (iii.). 
Maximum Strain Theory of Failure under 
Combined Stress. See ibid. § (75) (ii.). 
Maximum Stress Theory of Failure in Com- 
bined Stress. See ibid. § (75) (i.). 
Repeated Applications of Combined Stress. 
vSee ibid. § (77). 

Resistance of Materials to Combined Stresses. 
See ibid. § (74). 

Tests on Rolled Aluminium Alloys, at 
varying temperatures, under alternating 
stresses. See ibid. § (121), Table 44. 

Tests on Steel, at varying temperatures, 
under alternating stress. See ibid. § (121), 
Table 43. 

Stress, Intensity op. See “ Structures, 
Strength of,” § (5). 

Stress and Strain, Relations between. 
See “ Elasticity, Theory of,” § (5). 

Stroboscopic Method of measurino Speed 
BY Fork and iNTEErnTTENT ILLUMINATION. 
See “ Meters,” § (13) (i.), Vol. III. 

Stroboscopic Method op measuring Speed 
WITH Slit Fork. See “ Meters,” § (13) (i.), 
Vol. III. 

Structure, Heavy, Limiting Size op a. See 
“ Dynamical Similarity, The Principles of,” 
§ (43). 


STRUCTURES, THE STRENGTH OF 
I 

§ (1) Factor of Safety. — The estimation 
of the strength of a structure, or the prediction 
whether a structure will be able to fulfil satis- 
factorily the purpose for which it is designed, 
is in many cases a matter of no small difficulty. 
Firstly, an estimation has to be made of the 
loads, moving and stationary, which the struc- 
ture has to carry. Secondly, the strength and 
behaviour of the materials to bo used liavo to 
be determined- Thirdly, the magnitudes of 
the actual internal stresses ^ and strains in the 
structure due to the applied loads have to bo 
found, in order to see that the allowable 
amount, as determined from a tost of the 
material, is not exceeded. With all throe of 
these, in most cases there is conaiderablo un- 
certainty, and to allow for this tJio onginoor 
uses what is called a factor of safely. 

The factor of safety is usually defined as 
the ratio of the stress which will just cause 
com])loto failure in a sample of the material 
divided by the maximum estimated stress of 


^ For definitions see article 
§§ (2), (3). 


Elasticity, Theory of,’’ 


the same kind occurring in the stnuitiire. For 
example, a factor of safety fnuiuontly employod 
in steel bridges is about 4, but this must not 
bo taken to mean that the structure is really 
four times stronger than ro(iuired. To start 
with, the stool will bo strained beyond its 
elastic limit if the tensile stress in it is only 
some 50 per cent of the tensile stress rociuircd 
to cause failure. If this occuirs there will ho 
permanent sot, and the strain will ho a function 
of tho time during which the stress acts. For 
most purposes the structure will ho useless, 
even if not completely broken. This reduces 
the so-called factor of safety to 2 instead 
of 4. 

Again, tho inatorial is usually testcHl by 
applying a dead load to it, whereas, in many 
cases, part of tho load on the stnufture is a 
moving ono. In tho case of a l)ridg(\ for 
example, allowance must bo tmuk^ for th(^ dcjul 
weight of tho structure itself, tho moving load, 
and tho force exerted on the bridge by this duo 
to it coming on unsmoothly and thereby pro- 
ducing impacts ; also the oiToct of wind on tho 
structure has to bo taken into account. Tho 
estimation of tho value of all those can only bo 
an approximate ono, and tho final estiinato is 
liable to a fairly large error. Tho methods 
employed for estimating the apf)lied loads 
hardly come into the scope of this aiiiclo. 
For information on this subject tho r(^a.d(n’ 
should refer to ])racti(‘.al hooks on (h'Higii. 

The strength of the material uh(hI is not 
accurately known. H may vary sonunvliat from 
that of tho test speeimenH e.\i)orim(nit(Hl with, 
and whereas in the t(vsf) flu' Hti‘('HH was of a 
sim])le charaetor, in tho ac-tual structures th<^ 
stress may bo a compound one. Also various 
approximations have to Ixi made in our (‘stiina- 
bion of the stresses induced by th(^ <^xti(M*ual 
forcos, and in certain j)artH of the design those 
may be considerably in error. 

Jjastly, allowance has to be made for errors 
of workmanship, effect of corrosion, and so on, 

Taking all these jxnnts into, consideration it 
is easy to see that our so-called factor of sahd-y 
is largely a factor of ignorance. lii most \v(‘li- 
dosigned modern larger structun's it is prohald(^ 
that the margin of safety is nofi large, (ihough 
sufficient. This is to bt^ at'trihuhHl as much to 
practical experumeo as to th(H)ry. 

It has already been not('(l that in itiost 
cases a atructuin is uH(dcHH if tlu^ material is 
strained beyond ibs (dasiic. limit, and it is 
obviously of very gr(‘at importmuu^ to know 
what actually is the factor vvhicli cauH('H elastic 
breakdown in the dilTerent mabM’ials used in 
construction. Various and numerouH athunpis 
have Ix'on made to (Udmunim^ this. 

The thrcie main th(H)i’i(^H of cilastic. hn^ik- 
down are that it ot^mrs ; 

(i.) When th(^ greab^st i(uiHil(^ or (iompreHsivo 
stress exceeds a certain amount. 
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(ii.) Wlum Uio gmitost stretch exceeds a 
certain amount. 

(iii.) Wluai the greatest slide exceeds a 
certain amount. 

Wince the greatest slide is a function of the 
greatest shearing stress, in the third theory 
Wi) may road shear in place of slide. More- 
over, sinc;e, as shown in § (2), the maximum 
shear is measured by half the dilforonco of the 
pr'incipal HtreHH('.s, this theory may also bo 
dciiS(',rihod as a stress-difTeronoo theory. 

Experiments so far have established the 
fact that no one of these theories is true 
lor all materials. For diudile materials there 
is considerable experimental evidence that the 
governing factor is the greatest slide or shear, 
luthe case of some l)rittlo materials the greatest 
abret(;li theory appears to bo fairly correct. 

Another theory which has boon suggested is 
that elastic', breakdown occurs when the resili- 
ence, i.e. the energy per unit volume stf)rod 
in the material due to strain, exceeds a 
certain amount. 

Due to the unccM’taiuty of the cause of elastic 
breakdown, the bhiglisli and American method 
of design is generally t.o follow Kankiuo in 
assuming tluit i.lu^ strength, of a structure 
depends upon tlio gixsahwt tensile or eom- 
pix^Msivo stresH to which tlu' material is sub- 
jected. Tlio uUiimatiO strength of the material 
in simpkj tension or comprossion is found 
experimentally, and in tlio structure the 
greatcHt tensile or comi)re8sivo stress is not 
allowed to some fraction of the xiltimato. 
in tuv’tain eases the greatest estimated shearing 
stress is kept to some fra(^tiou of the ultimate 
sheai'ing stress found for the material. 

§ (2) AxAnvsra of WTUFS^s.^ — fn order to 
analyso the stal-e of stress existing at any 
l)oint of a material it is usual to consider the 
(Hxuilibrium of a rectangular parallolcpipod, of 



iudofinitely small siw^ and containing the point 
cousideix^d In general, the stress on oaciiiface 
may ht^ ix^sol V(h I iiih > a normal stresH ( H) and two 
tang(Milial stiH^ssr^s (S), those stros.Hr^s being par- 
allel to tlu^ axes of tii(' paraJloh^piped. Weo./'Vf/. 1. 

.From the e((ui librium of the paraIIolej)ij)cd 

^ Boo article “ FlaHihil.y, Theory of,” § (4). 


it follows that = and 

By rotating the parallelepiped about the 
point we find tliat for one angular position 
of it the normal stresses on the faces are 
a maximum or a minimum. The planes 
of the faces arc called the principal planes 
and the normal stresses on them arc called 
the principal stresses. Jt is readily shown 
that on the principal ]ilanes there are no 
tangential stresses. Wimihiiiy it may bo 
proved that if the faces of the parallelepiped 
bo arranged at 45° to the princi])al planes the 
shearing stresses on the faces will be a maxi- 
mum or minimum. Further, the intensity of 
greatest shearing stress at any point is equal 
in value to ono-half the algebraic dilferonco 
of the greatest and least ])rincipal stresses. 
Wo will examine the case of a two-dimen- 
sional state of 


stress, i.e. one ^ 



in whie.h there A 

is no variation 

s 

n 

B 

of stress in the 


s 

direction per- s ' 

])endicular to 
the two di- C 

rnensions con- 
sidered. 


h 

^ ^ 5 ■■ C 

A 



Let ABO D bo yiQ.2. 

a rectangular 

I)arallolepipod of unit dimension in a direction 
along which thei*o is no variation of stress. I’o 
find the normal and tangential stress on a plane 
inolinod at an angle 0 to the x axis, consider 
the equilibrium of the triangular wedge BOD. 

Revolving normally and tangentially to DB 
wo have 

sin^^ d -vpv cos“ - S sin 2(^, . (1) 

t-{py-pa)- ^ tSco8 2^?. . (2) 

For the principal pianos, This 

gives 

O-ll + J*7r|, 

2h-!Pv J 

whore r-sO, 1, 2, etc., i.e. there are two planes 
mui.ually at right angles. 

WubsUtuting the values of 0 given by this 
equation in equation (1) wo got 

The principal strosHes 

_?). -I- Pv \/(?v - VrY -I- 

■ ■ 2 ' 2 

Wubstitiiting in (2) wo see that i<hero is no 
.shear strcHH on the jirincipal planes. 

Similarly wo may show that tlu^ maximum 
shearing stress occurs on plam^s inclined at 
45“ to the prineijial planes and is of intchsity 

“''2 

i.e, I (the dilTorence of the principal strewsosp 
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§ (3) Strains ptri'] to Frinoipal Stresses. 
— Let Ra;, l\, Ha 1)0 tho principal Htrossos. 

Let Gy, fig 1)0 tho stretches in tlio directions 
X, y, and z. 

Let l/m. ho Poisson’s ratio, i.e. the ratio of 
the lateral contraction j)er unit breadth to tho 


Rz 



Pig. 3. 

longitudinal extension per unit length, duo to 
a single tensile stress. 

Let E equal tho modulus of olasticity. Then 
mE mE 

Rflg , Ri/ R« 

mE’^E"'mE 

Those are the principal stretches. 

As an example of tho dilferont dimonaions 
which the theories of clastic breakdown load 
to in design, wo 
will take the oaso 
of a thin circular 
tube subjoctod to 
an axial twisting 
moment of magni- 
tude M inch-tons. 

Tho f i g u r 0 
sinews a cross- 
aoction porpon- 
dicular to tho 
axis. It is obvious 
that tho shearing 
stress on the section has to provide a couple 
to balance the twisting moment. 

Since tho thickness z in. is small compared 
with tho mean riidius r in. wo may consider 
tho shearing stress practically uniform, if S 
is the intensity of shearing stress in tons per 
sq, in. wo have 

The throe ])rineii)al planes at any )>omt will 
1)0 two ))lanos making angles 45“ and 135“ 
with tlie axis, and a plane |)erp(mdiciilar to 
the radius. 

Tho principal stresses will bo 
S, -kS, 0. 


(IniaL^st pi-ineipa.l stress 

( 1 ) 

(Ireaiost priiKupal stretch 



Oroatost .shearing sin^ss (sch) § (12)) 

(3) 

Suppose a sample of the matt'rial wluu) sub- 
joctod to a simple tensile stress has an (^laHti(^ 
limit '/) tons per sq. in. 

Tho greatest inntuupal stress 

Tho greatest principal stretch -p/E. 

The greatest shearing stress -“p/2. 

With tho same factor of safety /c on the 
clastic limit, in tlio eases (1), (2), and (3) the 
thickness will bo, respcHitivoly, 

IM m m I I ii*M 

X ^ ' • 

27rr-p’ 27rr^p m ' 7r/*“p 

For stool we may take w TO/3, and we 
them get the ihiekiK'SKC's as 
1 : J -3 : 2. 

§ (4) Total Steksh iNDticiED uy Exter- 
nally Applied Jjoai )«.■—• In ai\y loaded stnu'- 
turo wc have (uwtain loa<ls applied at (hhlniio 
j)()ints, and these are balaiuied by reathlons 
usually acting at differeut points of the 
structure. This (^aust'S the mateibd of Tie 
structure to be subjeeUnl to ecu’tain internal 
stresses induced by ibo exttu’nal forcios. 3Lc 
strength of any pjirt of a stnuh-iire will be 
some function of th(^ v(‘Kultanii inl(M’nal stiress 
which the part has to cany, and also the 
diinensionH of ih(^ ))art iiiself. 

In order to estimate tlu^ n'stdtaut iidernnl 
stress which occurs at any croHH-Ht^e,iion of a 
inombor of a structure, we imagitie the m(unl)er 
out at the section considered, and we then see 
that tho resultant of the inkunal stn'HW'S at 
tho section must balance exactly the exUwnal 
forces acting on one ])ortion of the nuunlHu’. 
The sense of this resultant will of e.oui'HO 
depend u))on wliicli part of like imunber wo 
consider. 

If wo couHidtT a member suTi as shown in 
Fi(j, 5 and take a plane H(^diion A.li(ll), say, 



it is ohvions tlm4, so fn.r as the (dTeel/ of the 
forces to th(^ hdt of tlu^ H(*<'fion ar<' ctomawmal, 
wo may r(q)laee (Juun by a» single forct^ acting 
through any stLu'ted j)oint 0 in the cross- 
section and a couple. This is (^nsily Siam 


I 

) 
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■without* any inathoinatical proof, since wo 
may obviously i)rovont motion of the portion 
to the loft by a ball and socket joint at 0, 
combined with a couple to prevent any rota- 
tion about (). 

The internal stresHOs at the section have 
to balance then a sin^do force and a couple. 
Koi* conveni(nico wo usually take 0 to bo the 
centre of gravity of the area of cross -section, 
and wo take throe axes 0:r, Oy, 0:3, , mutually 
at riglit angles, Ou; being perpendicular to the 
(n*oHs-HO(d*ion and Oy and Oz being along the 
principal axes of inertia of the cross-section. 
VVe resolve the single force at () into its com- 
ponents X, Y, and Z along 0;r, Oy, and (b, 
and tb(' couples into the three coiniRments 
Mj., M,p M^j, about the axes ():r, Oy, O 2 . 

X : tlu^ algebraic sum of the components of 
all the (external forces to the left of the section 
alotig the axis Oo:, and similarly Y and Z. 

Mt„ "the algebraic sum of the moments of 
the external forces to the left of the sec.tion 
about the axis O.r, and similai'ly M,y and M^. 

At the croHH-scHJtion wo see that the internal 
strc'iHHcvM buiVe to balanc.e, a normal force X, a 
shciaring force Y, a* shearing force Z, and the 
thn'c c.ouples M ,,, M„, and Ma- 

ddie couples iVI^ and an^ usually called 
Ixmding mmtients, 
the couj)lo Mo, a 
twisting moment. 

As noted above, 
wo usually con- 
sider the nwtiltant 
olfect of external 
forces at any oross- 
section to consist 
0. ^ of a single normal 

force passing 
through the centre of gravity of the sec- 
tion, two tangential for(i 08 and throe couples. 
Wo asHunu^ the tiormal force produces a uni- 
form nornuil stress and strain over the cross- 
so(d*ion, and wo Jiave thou to consider the 
sluniritig strem^s and slides due to the tan- 
gmitial forces, and also the stresses and strains 
(lue to the bending moments and twisting 
moment. 

ddio ])rohlom then resolves itself into de- 
signing itieml)(U‘H to carry pulls, pushes, bending 
moments, and twisting moments. 

Ill Uu^ cas() of a beam on which all the loads 
are vertiiud and lie in one plane wo see im 
mediatit^ly that at any crosH-sec.tion the internal 
Htr(\SH<^s Imve to balance a single vorthuil fore.e, 
whi<^h is calhnl the shearing force, at the section, 
and a single cou ple, which is called the Ixmding 
moment. 

(lonsidm’ing all the external forces on one 
sidci of the cross-soction we have : 

d’ho is ecpial to the algebraic 

sum of all the (external forces on one side of 
the section of the beam. 








The Bending Moment is c([iial to the algebraic 
sum of the moments of all the external forces 
on one side of the section about a horizontal 
axis in the section. 

Wo can establish a connection hetwoon the 
shearing force and bonding moment at any 
section. 

Consider a length dx of the beam. 

Lot h and M ho the shearing force and the 
bending moment 


w.Sx 




at tlio section AT), 
and (h-i-5F) and 
(M -I- 5M) bo the 

shearing foroo and j | ^ |U,,JM+5M 

the bending 
moment at the 
section BC. 

Jxiit 7v8x bo the D C 

distributed load on 7 _ 

the length dx. For 

the equilibrium of ABOT), taking moments 
about a horizontal axis through C, wo have 




zvSx^ ^ 
Y' ~ 


: 0 . 


Now 'w8x'^/ii is a term of the second order, 
and wo may neglect it in the limit. Hence 

dx' 


This is often very useful in finding iiho 
position of the maximum bonding moment, 
since the latter occurs whoT’o the shearing force 
changes sign. 

§ (5) iNTlilKSlTY 010 iNTiniNATj StHKSS.— 
Having investigated the resultant effects of 
the external forces which have to he balanced 
at each cross-seetiou by the internal stress at 
the oross-soctiou, wo have next to investigate 
flow the internal sirossos are distributed over 
the cross-section and what is the intensity at 
each point. 

At this stage wo find that the principles of 
pure statics cannot supply us with HulFicient 
information, since there may he an infinite 
variety of distrilaitions of internal streHses 
which will give the required resultant forces 
and oouph^s. 

We have now to call in the aid of the inathc- 
niatical theory of elasticaty and also tlu^ aid 
of oxpmiment. Mven with the aid of both of 
these, wo fro<iuently find that w(^ havc^ to be 
content with an ap])roximate Ht>lution of the 
])r<)blem, which is a mixture of tluviry and 
inoxac.t experimoutal data. '!Phe oiigiiK'or is 
at a disadvantage compared with tlie mathe- 
matician, since he is frequently obliged i,o find 
Homo solution of a problem in design whh'h 
the matlieniatician can give uj) if it apptnirs 
iuHolvahle. 

Ti may he said gcmerally that tho f)raetical (l(‘sign 
of structures lias always Ix'Cii alicatl of tlu^ th(‘ory 
of doaign. If the oughioor had waited for tho tlioory 
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of elasticity to be developed before building struc- 
tures the strength of which he could not satisfactorily 
estimate, development would have been very slow 
indeed. To a large extent it may be said that 
designs have been made and the structures con- 
structed, and subsequently these have been more or 
less subjected to theoretical analysis. The theory 
of elasticity has mainly been helpful in effecting 
economy of material, but in itself it has not, until 
quite recent times, had the effect of producing new 
designs. An article like the present one runs the 
risk of giving a quite false impression as to the way 
in which the true strength of a structure can be 
estimated. It emphasises the paits which are based 
on theory and omits the parts of the design which 
are based entirely on judgment, or past designs 
which have been successful. The engineer, apart 
from using all the help the mathematician and 
physicist can give him, has to employ what may 
be called his engineering instinct. Many of the 
parts of the design for which he has got no theory 
to help him are as important, from the point of view 
of the strength of the structure as a whole, as the 
parts which he can design with the aid of theory. 

The subject of theory of structures, or 
strength of structures, differs from the pure 
theory of elasticity in so far as the solutions 
obtained are often only a rough approximation. 
The difference is similar to that between 
hydrodynamics and hydraulics. The one is 
the rigid mathematical theory dealing with an 
ideal fluid, the other is the engineers’ treat- 
ment of practical problems based on mathe- 
matical theory so far as this agrees with 
practical results and also largely upon experi- 
ment. 

In the theory of elasticity there are certain 
cases of bending, twisting, etc., which have 
been solved by the mathematician. These the 
engineer uses very largely. He also makes 
great use of the principle of superposition ^ 
This assumes that the effects produced by the 
separate forces and couples are independent of 
one another, and that the resultant strain at 
any point is merely the resultant of the 
separate strains produced. 

II 

§ (6) Membees subjected to Bending. — 
Consider the case of a beam of homogeneous 
and isotropic material subjected to pure 
couples applied at the ends tending to bend it 
in the plane of its longitudinal axis. In this 
case the internal stresses of any cross-section 
have only to produce a couple equal in magni- 
tude to the bending moment. 

We shall make an assumption, first made by 
Bemouiili, viz. that plane sections perpendi- 
cular to the plane of bending remain plane,’ 
Probably the best justification of this lies 
in the fact that results deduced from it are 
in agreement with practical experience. It 
can also be verified mathematically on certain 

^ See “Elasticity, Theory of,” § (4). 


assumptions as to the way the bending 
moment is applied. 

Fig. 8 represents a small piece of the beam 
bounded at the ends by plane sections. Let 
Cfl and C be the centres of curvature before 
and after the bending moment is applied. 

It is clear that there will be one layer of 
the material d^g^ which will not change in 



length during bending, the material above 
wiU be stretched, the material below this layer 
will be shortened. This layer is called the 
neutral layer. Let Rq and R be the radii of 
curvature of this layer before and after 
bending. 

For a layer at a distance y above the neutral 
layer the stretch (e) is given by 

ab - aJ)Q _ (R-h?/)<^ -c(Ro + ^)^ _ y(Ro - R) ^ 
afpQ (Ro + y)^ (Ho + 2/)R 

If Ry is large compared with y, we may 
write with sufficient accuracy for practical 
purposes, 

Hk-kV 

If the beam is initially straight Ro = o=, and 



In both these cases we get the stretch 
varying as the distance from the neutral layer. 

Assuming that the material obeys Hooke’s 
Law, and that each filament of the beam is 
free to expand and contract independently 
of the surrounding filaments, and also that the 
value of Young’s modulus (E) is the same for 
tension and compression, we then have the 
normal stress varying as the distance from the 
neutral layer. For a beam initially straight 
we may write 

E 

P=^.y. 
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The trace of the neutral layer on a crosa- 
Hec-tioii ia called the neutral axifi. 

Taking inonients about the neutral axis 

for the normal stress on the croas-scction. 

Fig. 9, wo got for the resisting moment 

r r ^ 

Mr = / bpydg = j h\/dy = . I, 

whore I is the moment of inertia of the cross- 
section about the 
neutral axis. 

The resisting 
moment must 
balance the bond- 
ing moment M, 

and we may write 

P E3 

Per the j)08i- 
tion of the neutral 
axis wo note that 
the normal stress 
over the cross- 
scjction must have zero resultant, i.c. 

Jbiuly- 0, 

or ^bydy-^i). 

n^he neutral axis, tlun’ofore, passes through 
ibc^ eentro of gravity of the cross-section. 

We have, further, the fact that there can bo 
no roHidtant couple about an axis oy porpoii- 
clieular to the axis of bonding oz, i.c. the 
lumtra.l axis. 

TIuh Kivo» 

i.n. Jfzydydz-0. 

T''h(^ [)rodu(5t of inertia of tho oross-soction 
must bo zero, and therefore tho neutral axis 
must b(^ a |)rineipal axis of inertia of the 
cu'OHs-section. 

If /i and /jj arc tho maximum tensile and 
oompre^ssive^ stresses respocitivoly, at any 
cross-section, and and arc tho diHiancos 
from tho tiouti’al axis to tho top and bottom 
of ilie beam, thon 


^i^he values 1/y^ and l/y^ depend only upon 
tho shape and size t)f the eross-soction, and 
an^ calUul th(^ niadiili of the section (Z^ and 
Z.j). if and /a ref)roHent the maximum 
tciiHilc and (lomprossive stroHses allowed in 
tlu^ material, tlum tlie greatest bending 
moment tlu^ s{utiion may carry is given by 
whiolievor of the values or /^Za 

least. 

staudard rolled steel sections tho values 
of Zi and Za have been calculated atxd tabu- 
lated, thus simplifying tho process of design. 


In tho oaso of built-up girders in which the flange 
area ia largo coinj)ared with tlic web area it will bo 
found that tlio moment of resistaneo to bending 
contributed by tlio web ia only a very small percentage 
of tho whole, and in such cases we may assume that 
tho flanges provide tho whole resisting moment. 

If A = the area of each flange, 

/“tho moan longitudinal stress in each flange, 
/<.=tho distance between tho centres of gravity 
of ibo flanges, 

tho moment of resistance ==/A/i. 

This is the usual formula employed in designing 
built-up X or box girders and also lattice-work 
girders. 

§ (7) Unsymmetuical Bending. — When 
tho plane of loading docs not include a prin- 
cipal axis of inertia of tho cross-section we 
resolve the bonding moment into two com- 
]X)nonts, each component bonding tho beam 
about a ])iinciipal axis. In order to estimate 
tho stress at any point wo find the stress due 
to each com])onont 
separately. 

In Fig. 10 let M 
1)0 the bending mo- 
ment, Oic and Oy 
the juincipal axes 
of inertia of tho sec- 
tion, and U 
moments of inertia 
about these axes, 
and 0 tho centre of 
gravity of the croaa- 
soefcion. 

Tho bonding mo- 
ments about Oa: and 
Oy will be M cos 0 and M sin 0 respoe.tivoly. 

If X, y bo tho co-ordinates of a point 1?, 
tho stress at B will be given by 

M cos d . ?/ M sin . a; 

I '1 r 

ijj Xy 

ft)r tho neutral axis yj-d), and tho equation 
representing tho neutral axis is 

yamO a: sinj/ 

1“““ -1- - - 1 - ■ ~ u. 

J.ai Xy 

This generally will not be ])erp(uidicular to 
the plane of loading. 

§ (H) SlllOAUINO iStRESS down THE (htOSH- 
Si'Xn'iON OE A Beam.-— I u most pracdlcal caaos 
of Ixuims not only do we g(^t a bonding 
moment, but we also have a shearing forcu^ at 
tho dilTorent croHS-H(‘(!tionH of tho beam. Tho 
resultant strains will not be of tho simple 
chai*a<‘.ter we have assumed in ‘i>ure Ixmding, 
sincjo the shearing force will (sause Hli(l(^a to 
occur. In gentu'al, piano socstions do not 
remain plane if there is a shearitig fon^e. The 
usual method of design is to assume tho 
formulae pjy' M/I: B/ji still liokl, in sj>it(^ of 
tho existence of shear and a varying bending 
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moment. St. Venant’s invostigatioiiH luivo 
shown that it is true when the shear is uni- 
form. Having provisionally decided on. a 
suitable beam by means of this formula, an 
investigation is then made of the shearing 
stress induced by shearing force. To investi- 
gate the distribution of shearing stress down 
the cross - section of a beam the following 
method is usually employed : 

Consider a small shoe, ABOU, of the beam, 
of length 5a:, and bounded by two planes 
porpendioular to 
the axis. 

Let M and F re- 
present the bond- 
M+SlVI ing moment and 
shearing force at 
F the section AD. 

L, I ^ Take the case of 

Neutral Layer a beam of rectau- 

BiG. 11. gular cross-section. 

Assume the shear- 
ing stress on the cross-section uniform along a 
line parallel to the neutral axis, and also that 
it is vertical at each point. If S is the in- 
tensity of shearing stress at a height KG above 
the neutral axis, considering the equilibrium of 
the piece AEGB, we have, by resolving hori- 
zontally and remembering that the horizontal 
and vertical shearing stress at every point 
will be the same, 



/'KB rKB 

I {pi-§p)ljdy- I 2'>^chj — 

dm ./kg 

where b is the breadth of the cross-section, i.e, 
rm 

Sbdx = . bdy, 

Jxco 


But 


5p = 5M 


Sbdx 


5M /KB 


• fKD 

7^ 


or S = ~ . -rr ^ 

ox 61 

where Ay is the area AEGB, and is the 
height of its centre of gravity above tlio 
neutral axis. 

dM, 


But 


F = 


’ dx 


. o _ • ^0 • .Vo 


( 1 ) 


The maximum shearing stress occurs at 
the neutral axis, and for a rocfcaiigular cross- 
scotion is given by 3/2 . F/6A, whore h is the 
height of the beam, Le. IJ times the moan 
sliearing stress for the cross-section. 

It is obvioua that this invcstigatiori cannot hold 
for yccUoiiH oilier than ri'ciangular, shuui the slutaring 
stress at tlio boundary of the croHs-wociiou must be 


taugontial to the boundary and tlu'i-i'fore cannot 
1)0 vertical an assumecl. Tins follows jih a (Usluetion 
from the equality of tlie tangi'utial stu'SHi's S.,.y 
and Syiv, cte. The formula is not, exactly truc^ 
for rectangular Hi'etions. It gives the a\h‘rage stn'SH 
across the breadtli of the seiition, wliich is a (ilose 
approximation to l,he actual stress when the breadth 
is small comjiared with I, he depth. 

Formula (1) is generally employtsl to 
estimate the shear at any point in tlu^ web 
of a rolled steel beam or built-up I gii’der. 

In most praeiieal eases it will be found that/ 
the total variation of slutaring Hl,r<WH down 
the web is small, and no great error is made in 
assuming that the wob carric'S the whole of 
the shearing force and that it is uniformly 
distributed over the wob area. 

In such cases the area of the web is oftim 
much larger than required to carry the shear, 
and the determining factor for its tluelau^HS is 
the tendency of the w'ob to buckle, due i,o tln^ 
principal compressive stress introdinted by the 
shear stress and the borizonial stn'ss. 

The tendency to buckle in sucli a c/ise cannot 
be dotormined satisfactorily by theory, and Ui<^ 
required thickness of web and tho ne(i(^HHa,ry 
stiifonerB have to bo designet I 
by om})irical rules which are 
based oil jiast e.xporienco. 

Take, as an example, a 
Rlandard rolled sleel joiHt of the 
dimeiiHioiiH hIiow'u in .Fi<j. 12. 

I’lio total au'a of Het'rion ih 
9-4 sq. in,, anti tho inonient of 
inoriia of this Hceiion abtmt the 
neutral axis N‘A=-~22() in.'*' 

Let F he tlu^ sluMiriug ft)Tce. 

This will jjroduee the maxhnuni 
shearing Hirt'sH at llio lunitral 
axis. To tleierniino the moment 
of area above tlie lunitral axis we nuiy, with 
sufficient accuracy, aHHume the (laiigoi an a rt'Clangle 
S^xO'^r/, and the web of hoiglit (12 - Id)'^ uud 
thiekuesB 0-35"'. 

Maximum h hearing Hiress 



Fig. 12. 


F / 

'"o-;ir)x22ol 


r)xo-r>r)xf)-72f) 


0-35 >: 5*45*5 \ 
2 / 


=()-27F. 


If wo asHuiue the Hh(*aring unlforn) over tho 
whole Hootioii tin* magnitude 

F 


-d)*2(iF. 

Ah will bo Het5u, tlu) t‘rror in aHHuming a unlfonu 
diHtribution m Iohh than 4 pi^r cent. 


Mi: 

§ (9) DlOt’LlOt.'TfOK AND iStI t't'N IWH t)K 
Bkamh. — T he stiiTnesH of a btuini is usually 
moasurod by tho maximum dollcctiou, when 
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IojuUmI, (lividod by tli<' Hpan. M1 uh fro(|iionlly 
haH to l)(^ coiiHi<l(M'(Hl in doHi^iuajLi: HtruciuroH, 
])arU(udarly if IFo Htnudairo in to a 

iiv(^ load. ' Lac.k of hUIToohh may iiicroaHo, by 
vibration, tlio ntrcvSH produocKl liy tlio load. 
Aj^ain in biiildinf^H with plawtorcHl wilinga, if 
the chdlcHition produnod by tlio ebangiug load 
in not vary Hinall c.oinparcd with tho Hpan, 
tlui ])laHt(n’, Ixang brittlo, will bo crackod and 
linally dro]) olT. StilTtu^HH haw also to bo 
connidorod whon inaobinory in carnocl on 
boainw or girdcira in order to make Huro that a 
for(s(al vibration will not In'! Hot up which 
KynohroiUKOH with the poriodioity of the 
nnu^bini'i. 

d\) inv(\stigato the dcdloction of beams 
iniliaily straight, or in whi(di the curvature 
is viny large, \vi) niakc^ use of the forinula 

M E 
J ' R’ 


Now 


1 dh/l<iv^ 

H '{M 

Uind if tilu'i a.bove condition is fuKilled dyld'^ 
will (w<’irywher(^ be small. Wo may thou 
wi-ile ‘ ^ 

M 


and w(^ g(^t 


dhl M 


In this (M| nation, if tv is measured along the 
neutral layer to the right, and y is nicasurod 

, W 

^ i 


— — >i 




•i/ 


ElO. 13. 


downwards say, M, is a hogging bending 
tnomenl. 

d^ikt^ tlu^ slinph^ case of a Ixaun of uniform 
eroHH“Seet(ion supported at the ends and loaded 
with a (toncontrat(Hl load W at the middle. 

E(^t tlu^ origin be at tlio left-hand end 
(IHi/, 13) and the axis of «; to the right. 

Th<i Ixmdiiig moin(mt at a distance irfroin 0 

Wx 

Waj 


El 


Inic^grating w<^ gc^t 


which have to bo dotonnined by the end 
conditions. 

We note tliat wlicn ic ~0, 2/-"0, and when 
dyjdx -(). 

W/2 

This gives B~0, and A- 


E 




dx 


I ' A, . 


and 


Ely ^ 




1^ Arr-I :B. 


. G) 
- ( 2 ) 


and 


Elt = 

ax 

Efy-: 


16 

Wa:2 vV^/2 

4 10 ’ 

Wa:» , 

12^ ■^"10 ■ 


Wlu^ro A and B ai*(^ cousianis, the vaUio of 


The maximum slope occurs when a;-0, and 
is equal to 

1 

16 ■ El' 

'Pho maximum dodoction occurs whon 
X “Z/2, and is o(piai to 

i 

48 • El" 

h\)r a load W uniformly distributed alotig 
the length, the maximum dollcction is 

384 Ef’ 

We will take a simple example of a timber 
bndg<^ wbi(5h will illustrate bow stilfnocs 
afTeets the design. 

Strictly sj)eaking, none of the formulae wo 
have dorive<l will hold for timber, since it is 
not isotr()[)i(!. ,lt is usual, liowover, to employ 
the formulae, and oxi)eninont shows that the 
errors introduced by so doitig are not large. 
The degree of acicuracy in estimating the 
stresses is probably greater than our knowledge 
of the strength of the actual piece of timber 
wo may bo employing. 

A bridge has an oilootive span of 20 feet 
and lias to cuuTy a conoontratod axle load 
of 14 tons. The 
road bearers are 
to be seasoned 
pitch pine with a 
er()SS-8(H>tion 10 
in. by 10 in. As- 
suming the load 
(wonly distributed hetwoon the road bearers, 
bow many will be ro(pur(^(l ? 

Allowable fibri' sin'SH for di(‘ timber 1 ton per sq. in. 
Allownlblo sht^aring hIh^hh (ilong the grain dr. 
per sq. in. 

Allowable (h^fleetion H})an. 

Tmpa('t ’ fcctor ij. 

The weight of this tyfUi of bridge will be about 
\ ton per foot run. 

Erom 14 wo see that Ihci maximum bending 
moment 

1-Jxlx20=i 

traJlT.fi foot-tOllH. 

'PIk^ maximum Hhearing Core.o will occur when tho 

^ TIu' Imtiaet factor is the factor by which the load 
Is miilUplhHl to allow for its motion. 


14- tons 


'J 

j - , 

'■< /d— -J 

v| 


Pin, 14. 
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axloloadls juHi ou 
shearing force 


the hritlge, thoroCoro Uic 
«|xl4 + 10xi 


inaxinuim 


==23-5 ions. 


The moment of reHiMtauce of one road bearer 


10x10^ . 


in. “tons 


= 13-9 foot-tons. 

' For heridi'n^gt the number of road boarors required 
117-5 
” 13-9 
«9. 

The shearing force per road bearer 
23-5 
9 

= 2*6 tons. 

The maximum shearing stress 
3 ^ 

“ 2^100 

=0*039 ton per sq. in. 

This is less than the allowable stress of ton per 
sq. in. 

The deflection 

__ 1 ^ Wl^ 

■"48 * IT ■‘‘384 ‘ El ‘ 

We may take 

E = 1*5 X 10® lbs. per sq. in. 

The deflection 

/21 5x6\ 20^xl23xJ[2x2240 
“ V48 ■*■ '384 ' ) ^ "hfx 10® X 10^ X 9 
= 1*4 in. 

The allowable deflection = 1-2 in. 

In order to attain the necessary stilfness the 
number of road bearers must be increased to 
9X1-4/1-2, i.e. 11. 

It will be observed that in dealing with 
stiffness we merely calculated the deflection 
due to the bending alone. In addition to 
this, except in the case of pure bending, there 
will also bo a deflection produced by the 
shearing stress. This additional deflection 
may be calculated in certain simple cases 
by consideration of the potential energy of 
deformation which must bo ocfual to the work 
done by the external forces in producing the 
deformation. 

It is extremely rarely that this additional 
deflection is of imj)ortance in ])ractioai struc- 
tures and it is usually negloctod in considering 
stiffness. 

§ (10) SBVF 4 RAL Loads. — If wo have several 
ooncontrated loads at different points along 
the beam, or a series of discontinuous dis- 
tributed loads, wo shall not bo able to dctci'mino 
the constants of integration in the simple way 
we have above, since wo do not know whore 
the slope is zero, and the equations ( 1 ) and 
( 2 ) only hold for the portion of the beam 
frt)m 0 up to the first load. 


In general, we got two e(i nations similar 
to ( 1 ) and ( 2 ), each i)air with its own oonstnutiS, 
for the different spans into wiruili tlu^ loads 
divide tlie beam. Wci can, by using the two 
end conditions, eventually (h’sri'rinine all ilu^ 
constants, and the curve of the loaded IxMiin. 
This method is, hoW(wer, long and wtnrisorne, 
and the labour may be avoided by adopting a 
method due to W. H. Mac^aulay.’ 

To illustrate the nudhod W(^ will take ati 
example of a beam loaded as 8 lu>wn Ixdow, 



d 


Em. 15. 

with two concentrated loads and a unif<»riidy 
distributed load extending over a kuigth (e 6 ). 

Imagine the distributed load extending to 
the end of the beam, and tlie ])art adchnl to 
bo noutraiisod by a load, aeding upwards, of 
the same amount ])or unit length. 

Lot tho origin be at A and the axis f)l' .r to du' right. 
Take a point K beyond tlu^ last applh'd load. 

The sagging bending nionuait at K 


This expression will give bending inom(M\(f for 
any value of a*, if th(^ terms inside tlie hraek('tH hr* 
omitted for valucH of x whioh make them lu^gative, 
We have then 


-lAu. 


Integrating each bracsket twice, with resijoet tiO 
the term inside, w(^ have 


-Ely 


- (( 




w ( 

■'’ad'" 


'24 

I A.f| It. 


This equation will hold for all values of x l)t'tvv<'en 
0 and I, if tlie terms inside the bra,ek(ds hi^ omitdvl 
whenever they IxH'.onu'; ru'gativi', a,nd vv(' uoU' that 
we have only two (iotmianis whieh ean b(^ found by 
tho end eondiiions. In this ease // d) wlum X' 0, 
and ywiO vfhmx ~d. 

n d), 


and 


‘>‘'5' "■ 


vv« 


Erom this equation ean find A. 

* Memuffer oj Mathmaiix\». No. 573, Jan. IDU), 
xlvlU, 
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§ (U) (k)NTiN lions Bmams, — A beam is 
said to b(^ conUniioas when it is oanlod on 
tnoro than two Bupports. In Huoh a beam 
wo (‘.amiot, by tlio aid of HtaiicB, dotorinino 
the t'caoliouH at the HupportH, or tiio slioaring 
force and bonding niomont at dilToront hoo- 
UonH of the beam, ninoo tlioHo dojxmd n])ou 
tlio iloxibility of Ibo girder and the height 
of tho Bup])ortB, and aro not moroly a function 
of the applied loadw. 

In oi’dor to eifeet a solution, we may make 
uHe of the Macaulay method ])rcviouHlyrof erred 
to, treating tho reai'tionB as loads. 

Another method frecpiontly employed iw to 
mak(^ UBO of (Uapeyron’H theorem of three 
momentH. 

UiiH may be i^BtablisluHl aw follows : 

SuppoHii the girder of the same cross-aoction 
throughout. 

M, MaM„ Mo 


-JT— 

- ktt 

CF- 

h 

— 


-Ga-'-H 

t 


2 

3 

M, 




r— A, 






=^|P= 



Rt 


P.tjTQ, 

yxQ. 1 c. 


P.tltQ3 

Bn 


Consider span Take tho origin at 
support ( 1 ) and to the right and y downwards, 

E 
1 

Also 



■r.'Mr 

-Qi!C-I wvj •, . . . 

( 1 ) 

dx^ 

■Mu5, 


. . , . 

( 2 ) 

dx" 


2 ' 

f A, . . 

( 2 ) 

Uy^. 

M {x' 
2 

() 

I “‘f + A=«.|.B. 

C) 

B 

.0, •• 

• y 0 ' 

when 



y ' 

0 when 

X‘ 



"'2 


(! ' 


Win^ia* 

' ■ 24 ■ 


(5) 


Let fC-tho slope at support (2). From (IJ) 
and (5) we have 




•I- 


Qi^ia 

3 ' B 

Similarly taking the origin at support (3), 
and axis of x to tho left, wo got for tho slope 
at support ( 2 ) 

h)iO : 

hVom (b) and (7), 

B 


(<J) 


( 7 ) 


2 ' "T 8 ' 


3 

3 ' 


(B) 


Now from (1), 


and for span Zjjio 




From thcBo and (B) wo have 

Wvi 
“"3 


'' 3 “"'' () 24 24 


(Ml H- 2Ma)Zia -I- {M 3 -1- ~ 

This is for the particular loading taken. Aa 
will ho observed, tho 

formula Cionneets the /onq^/i 

moments at the sup- \ | 3 

port of any two ad- r" 1 ^ d 

jaeont spans. 

Ah an cxam])l(^ of its FIC. 17. 

tiHc take the Himple caHO 

of a hwun uniformly loaded throughout and supported 
at the (ukIh and middle, the tops of the supports 
all being at the Hame lev(*l. 

Here Mis-O, M3 0, 

'»'l2 

i.e. Mj 

Taking inomonlH about ilio middle support wo 
have 

wV 

" "TT “ ivig, 




t.fi. 

and 

§ (12) RiflLATioi^H nwTWJUw Load, Siuoar, 
Biwuinu Moment, Sloiuq, ai^u .DicKunoTiON.-— 
Taking tho axis of ir along tho beam and tho 
axis of y in tho direction of the dolloction, lot 
w) the load ixu’ unit length at any distance 
X from the origin. 

F'“-tho shearing force at distance x from 
tho origin. 

M --the bonding moment tit distance x from 
tho origin. 

i “the slope at distance a; from the origin. 

?/ ‘^the deflection at distance x from tho 


Wo have 


and 


oiigin. 



lA 

. j'wdx 

( 

or w- • 


: j WX 

or h- ■ 



fPM 


10 ■- 

'dx^' 


. 

dy 


% “ 

dx' 


rf«?/ 

di M 


dx^ 

dx"\a 


dMVI/Fd 


dx^ 

dx^ 


dV 

dx 

dm 

dx'' 
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If Et is constant, wo got 

flHj 1 dm 
dx‘^ 


or 


dx'^ 


If El is constant, wo have the following : 



Suppose we arc given the distribution of 
load on a beam we may derive any of the 
quantities E, M, i, and y by integrating, the 
constants of integration being fixed by the 
end conditions of the beam. 

Even in cases where w cannot be expressed 
mathematically as a Icnown function of x we 
may still obtain results sufficiently accurate 
for practical purposes by grapliical integration. 

If I varies along the beam, in the graphical 
treatment, we may still proceed thus. 

Having obtained the bonding moment curve 
for the beam we divide each of the ordinates 
by the value of I corresponding, and then 
plot a curve M/I and x. By graphically 
integrating this curve we obtain Ei and 
integrating again y. 

Frequently we are not interested in the 
slope, and in such oases, to obtain the deflec- 
tion diagram, we may perform the double 
integration by treating the bending moment 
diagram as a load curve, and by drawing the 
funicular polygon for this load curve. The 
depth of the funicular polygon will then give 
the deflection. 

§ (13) WniRLiNO OF Shafts. — As an ex- 
ample of the use of the above etj nation wo 
will consider the cfroct of ^centrifugal forrio 
on a rotating circular shaft. Due to the 
weight, vibration, or other caus(w, the (tentro 
of gravity of the cross-section of the sliafl; 
will not necessarily lie on the axis of 
rotation. 

Lot the distance between tho centre of 
gravity and the axis of tho boaringH b(^ ?/. 
Lot p bo the mass of the shaft per unit Ic^igth. 
The centrifugal force per unit length will be 
whore co is tho angular velocity of 

the shaft. 

We shall have then 
d‘^7j 

where E is tho modulus of elasticity and I 


is tho rnoinont of iiuu’tia of a (u'oHH-s(Hfliioa of 
tho shaft about a dijuuoter. 


The soliition of tlu^ (M{ii;ition is 
y^-A eosli aa’L B si nil aa; | (1 eos a.T l 1) sin a:r. 

Let /™tho lengtii of ibe shaft Ixbween tlu^ 
bearings, and lot us iakc’i the ease wluwi' llu't 
bearings simply HU])port tho shaft and do not 
prevent it bending. 

Now the slope of the shaft is given by dy/dx^ 
and tho bonding moment by El [d'hjldx^y 

Wo dotormino tho constants as follows: 


When a:: d), y A), 

When a:.=0, 

Aa“ — 0a“ 0 ; 
i.e. A () and (' 0. 

From the furtlnu’ eonditions that when a;-:/, 


y=o, 

and also -0, wo g(^t 


B sinh aZ-l- 1) sin al" 

■0 

and 

B sinh al — D sin aL 

d), 


B sinh 


or 

B:-0. 


Also 

I) sin aL^O, 



J) •(), or sin a/ 

0. 


If DrrO, tluire is no (lelkxition of the sliuft 
anywlicro. 

Taking sin a/^r:::(), 

we got al f TT, 

whore r = 0, 1, 2, 3, ('tc. 

Taking r -1, we see that the shaft will 
whirl in a single loop, tho maxiuuim doHoetion 
being at the tniddlo. 

The speed for this is given by 



or 


w 



v/?' 


ra^dmiiH jXM’ sneond. 


If r “2, the sliaft will whirl in two loops 
with a iKxh^ all the middli'i, and we can caleuhiU^ 
the corresponding speed. 

In tho sanu' way we can find the whirling 
speeds for /* 3, *t, ete. 

It should be noted tliat for (xich of tlu^ 
whirling hp(hhIh t.lu^ maximum (U'lhaUion is 
not li.xed. Any ma.vimum <l('llection which 
may <x*.eur accbUmtaJly or Ix' iinpr<'SH(xl upon 
the shaft will be maintained, providixl it (lix^s 
not (X'.cur at a node, bid* it sliould also he 
romemhered that by assutning ilu^ eurvature 
to he given by d'hjjdx'^, wo ar<^ ixxilly only 
camsidering tho cases where (dyldx)'"'^ 
noglcctod. This covers all practical cases. 
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§(14) MiOivrBKRS IN TMNsroN, — The (loaipfn 
of t(MiHion iitKMnborH in (|uito niinplo and diroot, 
and wo uood only ooiiHidor two cawori : (1) in 
wliicli the roHultant of the applied loada at 
the oikIh paHKOH through the (‘.ontro of gravity of 
the croHH-Hoo.tion of tlio inoinbor and m i)arallol 
to the axiH, and (2) in whioli the roHuItant load 
iH parallel to the axiH hut does not paHH through 
the centre of gravity of the croHa-soction. 

In the lirat eaae the intenaity of ntress induced 
will ho uniform over the ciroaa-Heetion. If / ia 
tlu^ allowable t(mwile HtroHH in tona per sq.in. and 
V tlu^ applied load in tona, then the area of 
eroHH-H(uition re<|uired will h(^ o(pial to lV/*^n.- 
In the H(Hu>nd (‘.aae we treat the applied 

force aa ecpiivaU^nt to a ainglo axial force 
y paaaing through the 

centre of gravity of 

® tho croaa- section and 
two couph^H tending to 

rotate the (‘.roHH-aec- 

^ tion about the two 

principal jixoh of 
inertia. 

In IH<j. (IH) let O be 
Pin, 18. the (lentro of gravity 

of the croHH - H(M*.tiou, 
and let the axoa ()*c and ()// he the prineipid 
axea of the Heetion. 

SuppoHo the line of ae.tion of the applied 
load I* in parallel to Uu^ axis of the memhor, 
and interH(HitH the eroHS-Hoetion at a point 
wlu)Ko eo-ordinatoH are {a, h). Wo shall take 
Uu^ e(puval(nit system as consisting of 
(1) a for(5e j)araU('il and e(pial to P acting at 
the (umtre of gravity (). This will produce a 
uniform tensile stress P/A, A being tlio area 
of e.i’oHS-Hee,lion. 

(2) A bending moment about O.r equal to 
IV^, and a bending monumt about (b/eciual to Va. 

4’o (Ind lilu^ resultant stress at any])oint C, 
eo-ordinat(^s (.r, y), wo supcri)()se the stresses 
produee<l by (1) and (2). 

Wo get for the resultant tensile stress (p) at 0 
P , Hy , Vax 

' A I I ’ 

jv lorn ^ov 

when^ and are tlu^ moments of inertia of 
th(^ eroHs-s(Mdion about O.r and Oy respectively. 
W(^ may writ(^ th(^H(^ as Ah/ aiul Ah/, where 
h^, and h^ are t/he radii of gyration about the 
a-Kcw ().r and ();//. 

We g<d tium 

P/ hy ax\ 

'h ' A ( ^ ‘ u ' ' A a ) * 


'A\' ' k / ' h/r 

Supposes V’) are the eo-ordinates of the 
point on the bonndary wbiek gives the maxi- 
mum value of p. This value of p nuist not 
o.xchhhI /. If th(^ nunn her is perfectly designed, 

^ a(‘ 


It is scon inimodiatoly that the ncu i ral axis 
of tho section is given by and has the 

equation Ay ^ 

V“ 

If the neutral axis cuts tho cn^sa -section, 
it follows that there will bo compression over 
part of the area. 

In the above investigatit)n wo have omitt(id 
the effect of tho doUcction of tho inemhcr 
duo to the bonding moments. In most cases 
this will bo small and not seriously alfce-t tho 
distribution of stress. In tho ease of tension 
tho dolleetion will be sucli as to displace tho 
conti*o of gravity of tho cross-section nearer 
to tho line of action, 
thorohy making tho stress 
more uniformly distri- 
buted. This will not bo 
tho ease when tho member 
is a strut. 

H. should be cau'fuUy noted 
that this forimila is only 
strictly applicable to oasos — 
vvIkm’o tlio axis of tho 
inoiuhcr is straight. It will 
hold approxiinatdy if tlio 
radius of (sirvatim^ is largo 
coiuparoil with tho dinioiiHions 
of tho ort)HH-HOotion, In tho 
caso of a crane hook, for PlO. 10. 

oxampU\ as shown in Pfy. 

11), tho section AB may be considored as sub- 
jected to a pull P applied through the eeutro of 
gravity of tho Hoctiou, and a beutUng moment of 
inagnitudo Pa- 

Since the radius of curvature may cvcti bo loss 
than the (Uq)th of tlu^ Heetion, tho ortUnary formula 
for iKMiding will not hold. 

§ (15) Mwmbkhs in OoMimiissroN. — Tho 
estimation of the true strength of members 
which are sub j ceded to a (H>mj)roBsivo force 
in tho direettion of tlunr length is, in all hut 'the 
simi)loBt (*.ases, a matter of dillieulty, and the 
results when arrived at eau hardly ho relied on 
to tho same extent as those of the strength of 
ties, heams, and shafts. ’'The chief reason for 
this will be undei-stood if wo refer baedc to 
the ciase of a tension membcM’ sulijoeted to a 
load, tho line of action of whhdi did not pass 
through tho centre of gravity of the eross- 
seetion. In such a enst^ we noted that duo to 
the oe.eontnoity the moinlxu* would ho suhj(Hdcd 
to a bending monumii, and furth(u‘ that tins 
bonding moment would e.auso a dellection 
tending to reduei^ tho oec.entrieity and thereby 
making tho sbre^ss more utuformly disiributed. 
In the (‘-ase of a member subjoeted to (lompros- 
sion. the reverse action oiaturs, and the bending 
moment t(uulH to iner(viH<^ the ocuiontrieity 
and thereby to inoroaso tlie maximum stress 
induced. In actual pract-iee it is irupossilile 
to obtain a ])erf(^(dly straight strut or to 
obtain absolute axial loading, and even if this 
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woi’o tilio case at (irut, when the load \vm 
bogmniiig to bo appliotl, it would soon coaso 
to bo so, duo to the fact that no material is 
perfectly homogonoous. Tho Y oung’s modulus 
fur comprcBsioii at ouo ])art of tho oross-seediou 
will vary slightly from that at another part, 
with tho result that tho strains will not bo 
uniform, and some bending thoroforo is almost 
certain to occur. If tho member is short in 
length relatively to its cross-dimonsions tho 
resistance to bonding will bo groat, and tho 
actual dofioctioii produced by accidental 
eccontricity of loading or lack of homogeneity 
will have no appreciable offoct. In such 
cases we may design tho member in the same 
way as a tension member, by assuming that 
the stress is uniformly distributed. Also tho 
crushing load of the member will bo equal to 
A/, where A is equal to the area of cross-section 
and / the compressive stress required to cause 
crushing of the material. 

If we take the opposite extreme, namely, 
that of a strut which is very long c<)mj)arod 
with its cross-dimensions, wo got an entirely 
different phenomenon at failure. As tho 
axially applied load is gradually increased, 
at first the member undergoes a shortening 
proportional to tho load, and even if tho strut 
is bowed out slightly it will return to its 
cydginal straight condition if the load ho 
removed. As wo increase tho load beyond a 
perfectly definite value, however, wo find tho 
member suddenly buckles out sideways and 
completely collapses if tlio load 
is continued. In other words, a 
condition of instabiUty occurs, 
and this while tho actual com- 
pressive stress in tho material is 
well below the compressive stress 
required to crush tho material. 
Tho material is either finally 
cruslied or torn, but tins is duo 
to tho stJ’esHcs set u]) by the 
bending. This plionomonou was 
first theoretically investigated by 
Euler. 

Consider a prisniath} strut., 
perfectly hinged at tho onds, and 
a load P apj)liod axially. 

If tho strut is bowed slightly, thou at any 
point {x, y) there will bo a bonding moment 
of magnitude 1^ ; 

dx^"^ ET 

where l-il is tho linear modulus of 'elasticity 
and 1 is fclie moment of inertia for bonding. 



Writer 




tlmi 

The solution of this is 


2 


where A and B are eonstants depemding upon 
tho cud eomlitions. 

We have y (), when x 0, and t.lu'n^- 
fore A: 0. Also y T), when x I, (fierefon' 
Rsinai O. This makes B b, or al /'tt, 
whore r-d), 1 , 2 , etc. If B (), tlio delloction 
cverywhorc is zero. 

Taking 1, w(5 get 


P 


P 


is iiulopendent 


of the 


y -A eoH ax I- li sin ax. 


We note that 
amount of bowing. 

Tho load tt^^EI//^ is th('» huul whitE will 
just koo]) tlie strut bowiul and pnalmu^ a 
state of neutral e(|uilibriuni. Kor a sinalhu’ 
load tho strut would b(^ in stable (H(uilibrium, 
and for a greater load tho delhadion would 
iuerease without limit. 

If we assume that tho strut does not IxMul, 
but merely contracts muhu’ th(‘ load, it (xin Ix^ 
shown by eonsidoring ih(‘ strain energy, that 
for a load greater than 7r‘‘^El//‘'^ tlu' (xiiulibrium 
is unstable. (See Lewe’s MiwUnty, Hlahill*y 
of Madia ^^ystemft,) * 

Tho load is called tho buckling load 

of the strut. 

For values of r eciual to 2, 11, (hxi., W(^ gxd 
tho loads required to maintain l.la^ strut 
when it is lamt into HoguK'ints of tmgth //2, 
Z/.‘l, et(^. 

Writing I (xiiial to AJc\ where A is iihe arm 
of cross-He(4tion 
and h is tho 
radius of gyra- 
tion, wo get 

whore p is tho 
load per unit 
area. 

The ratio l/k 
is (!alle<l tho 
-S' / c d e r V a -v a- 
ratio. Wo will 
denotes it by v. 



Tm. 21. 


For tho dillbrent end e.onditionM r(q)ivH(mte<l 
XU A*f/. (21) we get the following biiekliug loads; 
t'‘^E 


kling 1 


V 


ap'pro\tmat(<My. 


und (d) . 

' ' A V 

If oaro is taken to ensure axial loadinj,',, 
and also that the end conditions are as aHsunusl 
in the theory, exirerixuent shows that thesr^ 
results are very closely true in tho ease of 
struts of honrogeueouH and isotrojjio materhd 

‘ i-l TrHithe <m> Uie Mnthmalmt T/xory of MoilMtii, 
hy A. K. , 1 ). Love, tMi.S. 
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and wiili a lar^^n HlcviulornoRH ratio, Hay greater 
than 150, but for Htriits of inc<Umu HlondcrnoHH 
ratio, Huch as arc itict with in bridge work 
and building conatructiou, the Ktdor formula 
givoH altogether too high valuoH. 

It Ih imiucdiakily obviouH that the formula 
dooH not hold for short struts, as it gives a 
biKikling load in excess of the crushing k)ad 
of the tnaterial, and as I approaches zero the 
value of the buckling load approaches infinity. 

Tlie formulae which arc actually used in 
the design of struts in build itig construction 
and bridgework are based on oxj)eriniont. 
Some, such as Itankine’s, have a nioro or loss 
rational basis,- hut fhe constants in them 
uliimakdy have to be found by experiments 
on actual struts, and {ire not merely (lepondont 
upon the elastic constiints of tlio nuitorial or 
th(^ ultiinjite strength or yield stress in 
cotuprcHsion. 

Tlie Ikinkinc formula is 

where / {ind e an^ two conskints for the material, 
the eonstaut <'■ Jilso depending upon the end 
coiuULions. p is the stress which will produce 
faihuHs 

^Pho vjiliK^H of / {ind r, jido])ted by difhwent 
autborith'H, vary considiu-jibly, even for the 
same maiiuial. 

Kor both mids hingo<l for mild steel many 
{luthorifiics / 21 tons i^er s<p in. and 
^''“■7 n'on* 

It will h(^ observed tluit if v is snuiU the 
formula l)e(U)meH p /, / being the crushing 
stress of the nuiteriald and if r is very largo 
we may neglcud the I in the (hmomiuator, 
and W(^ g(^t p whicdi is of the same 

fonn as the Mulor formula. 

Aetmilly with the most suikihlo V{dueH of 
/ {lud r Cor struts of nonjuil V{dueH of w, we 
(iud that for v(U’y hirg(^ VJihies of v the value 
of p ('.Kce(^dH tluit given by the Kulcr formula, 
d'lu^ formuhv, therefore, should only he om- 
ployiMl within the range of sleiKlomcss ratio 
of the exp(U’im(’intal struts used for cletor- 
mining / and c. 

Ju adjusting tlie formula for dilferont end 
conditions the constant c is vario<l in exactly 
the same way as hi the Euler formula. For 
examphs foi‘ mild steel we should have; 

Both ends hinged . . . c — t-b^oo* 

Both cuds hxc'd .... c— no Jocr* 

One end iixed and one (uul 
hinged hut free to move 
hihu'ally .... c “•*715^0 o« 

One *(uid (ix(Hl and one end 

hing(Hl hut kept in position c-'-iniofl* 

' In the of mild sicc^I (hero is no dclliilto 
cnmhlni^ Hirc'HH, hIiico fho maUu'liil hccoiucs plastlc 
jiud llowK. All W(^ can nuMisurc is the sI'.rcsH at tho 
yUdd polidi, and If /lias to he IInmmI hy compression 
tests of short lengths this yUdd stroHS should be takem. 


Many otlior strut formulae have boon 
suggested, and used, {\mongst which should 
be mentioned Olaxton Fidler’s Formula, whicli 
is used by many British engineers.'-^ 

§(1(5) SmAiaiiT JLi^in Eormxilar. — If the 
various oxjieriinenttil vidues {ind tho formuhio 
V{ihies of the buckling lo{id of struts of tho 
ningo of V usu{il in pracdicai bo [ilottod Jigainst 
V, it will be soon tliat tlie curve is not very 
f{ir from a straight lino. Many authorities, 
piirticularly in America, at tho jircsent time 
design hy means of a stixiight lino formula. 
As an exiimplo, tho American Rajlw{iy 
Engineering Association formula is 

115,000 - 70p) lbs. per sq. in., whore p 
is tlie working stress. 

Tho formula is for mild steel, ultimate 
tensile strength 55,000- (55,000 lbs. jior sq. in,, 
{ind the strut is supposed to have hinged ends. 
The V{ilue of is in no case to oxcc^od 14,000 Ihs. 
per H(p in. This gives a lower limit to tho 
V{iluo of V. For Himillor v{ilues of v than this 
lower limit p is k(^])t eipuil to 14,000 lbs. per 
sq. in. 

Tlu^ formuhi is intemded to apply to struts 
such {IS are normally used in structures and 
wliie.li are histened {it the ends, })rob{ibly by 
bolts or riveds, but which cuinnot be considored 
fixed, ikir ends which are rcuilly fixed tho 
formula 

p 1(5,000 ” 5(5w may be used. 


In British piuctioc, structural steel has 
usiuilly {in ulttnuito strength in k^nsion of 
30 tons per sq. in., and wo nuiy use the formula 

p ,-{H-0‘0{]r>v) tons ])er sq, in. 


for tho working stress, for struts in which the 
ends cannot be considered fixed. 

§ (17) Struts Koohikthtoally LoAiniD.-— 
Very frequently a strut is intentionally loaded 
eccentrically, and tho amount of eccentricity, 
ap{irt from that caused by bonding, is known. 
In such oases tho common practic.o is to use 
the formula given above for members in 
tension, viz. 


P 


F/ , 

A\. '' V 


ail 5 


and to obtain from this tho nuiximum V{iluo 
of p, Usmilly (‘ither a or b is zero. 

T’his iK^glcHtts th(^ extra delkHiiion duo lo 
bending, whkdi in a well-dosigncd sli’ut will 
usmilly b(^ small compared with tho known 
o<5(5imtrieity. 

This m{iximum v{iluo of p lias to bo not 
girntor tluin that obt{unod from tho strut 
formula used on tho assumption tluit p is 
axially applied. 

In most practical c{is<is this i)rol)al)ly kMids 
to a gnuitor factor of stifcty tluin is re(iuircd, 


* H(‘.e A Pmctival Treatiw on Jirulgv. (fovMruHion, 
by Professor Fldlcr. 
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since in the strut formula with axial loading 
the greatest stress is assumed to occur at 
the middle, whereas iu many cases it will 
occur at the lixod end. 

Allowing foi’ ilio (lofl(K‘,Uou duo to bonding, it may 
he ahown that tin's end load 1’ nniniuMl to stroHa tlie 
material up to the yield stn^sH at Home point iu the 
strut ia given l)y 

/A.,_. 

1 +(<i'/cA“)«<'“-lW2h Vl’/KAi'*}’ 

where a ia the eccentricity assumed in the lino 
of the principal axis about which the radiua oC 
gyration ia a maximum, k is the least radhia of 
gyration, and the distance from the centre of 
gravity to the edge of the section measured in the 
direction of 

§ (18) BtriLT'Ui^ Struts. — Whoii strutH are 
built up of se})arato tueml)ers connected 
together by holts or rivets, the strength will 
depend very largely up(m whether the vaiioiis 
memborti are so connoctod that they behave 
like a single piece, i.e. there will bo no yield 
at the joints, or whether there may bo an 
appreciable yield at the joints. In stool 
struts the joints are usually livoted, and are 
such that we may neglect the slip at the 
joint. The ordinary formula may bo emtdoyod, 
the radius of gyration of the whole section 
being used. In built-up timber struts, of 
such soft timber as is usually onixdoyed. in 
construction, wlioro the connections of the 
various members are usually made with holts, 
there is considerable yield and slip at the 
joints, due to the relatively small c()m])rcHHivc 
strength of the timber and the bending of tlu^ 
bolts. Experiment shows that such struts 
do not start to fail as a whole, hut failurt^ 
ocours in the individual mom hors. TJic 
strength of such struts is merely the sum of 
strengths of the individual members in the 
cross-section. 

In riveted joints in stool structures the 
members arc really held together by fricitioii, 
the necessary j)ressuro between the mombors 
being produced by the tension in the rivets. 
In timber, although a holted joint may tem- 
porarily bo made to hold by fri(d-ion by using 
largo washers and tiglitcning the nuts to give 
the required [)reSHur(s yet this cannot bo 
relied on permanently. Ilic cx])anHion and 
contraction duo to climatic (diangosis relatively 
largo, and though a corisidorahlci tc’snsion may 
exist in the bolts ono day, on anotlnu* day there 
may ho no a|)prociahle tension at all. 

If a composite strut, axially loaded, is free to 
bncklt^ in any direction, tlu^ strcuigtli is deder- 
mincvl by tlic least radius of gyration, and for 
economy in material the radii of gyration 
about the two •|)riucipal axes should* he as 
nearly e(jual as possibk^ 

Ah will have he(^ii realised already, the 
design of struts cannot b(^ direct as is the case I 


in the design of ti(^H, wlun't^ (dK^ r(‘(pur('<l n.r(‘a 
can be esiimattHl. In dealing witli struts th(^ 
best we (mui do is to d(^sign tlu^ iiumuIkm', and 
then eHtimato tlu^ st.n^ngtl). If ilu' lati.(M‘ is 
loss or (umsidc'nibly tnore than r('<|uir(‘(l wc 
have to alt(U’ our (h^sign, in l.lu' om^ es.H(‘ 
iiKUM'iasing tlie strength by additional mud^u’ial, 
and in the other redu(a'ug iti so ns to <dTe<'ti 
economy of material. 'The labour ('ntaihal 
in this pro<!(^HH is <iotiHi<l{U’ahly r<‘<lu<uul by i.lu^ 
standardisation of rolled Hil(H^l s(v',tions, tln^ 
g(a)mei.ri,e.al prop(u*tieH of which, sueh aw ainai, 
])oHition of the priiunpal ax(^s, and tlu^ ra.<lii 
of gyration about tluwe, have been cahudaU'id 
and tabulated. 

Numerous (^xpcu'imeuts have also Ixnm ma,d(^ 
on struts consisting of Hta>i\dard rolhxl setdiotis, 
and also struts built up of standard rolled 
section, ^rhe data of tdios(^ <^X|)(u*im(M\ts an^ to 
a very large extent used in S(d(H',ting a Huil.afdt^ 
design for a strut, and also for (estimating idue 
stnength of struts and (u>lumu of dilTenent 
(Uesigns from those to whi(eh th<e experiments 
apply. 

V 

§(19) Joints. — The streength of a composite 
structure, consisting of a number of meitibers 
joimed together, will (kepceud as n\uch upon 
the strengtli of the joints as upon idue stnmgidi 
of the nunnhors lhemH(elvciH. (k'lUM’adly Np('nd(- 
ing, the strcessces in the nuanlau’s can Ixe more 
ae.curat(^ly (kdermiiuxl tluin tlu^ Mtr(^HS(‘S ad. (due 
joints, and for idiis ('(vison it is good pnieddcece 
to employ a. somewluit gr(Midi(M' facd.or of sadkely 
in d(esigning tl\(' joints tluMUstdvces than in the 
design of the mem hors. 

Thixeo typees of joints are eommouly (em- 
ployed in whiceh the mcemlxers ane (eomueetcxl 
by (I) rmets, (2) pins, (3) Ixelts. In ordimuy 
structural work, as distinguislued from uuuelun- 
ery, the joints are almost, (eniirtely mathe l)y 
rivets, bolts Ixeing us(hI only for temporary 
work, and jeins in (eaH(es where a hing(ed joint 
is roquinxl. 

To be satiHfa(etory, a riv(di(e(l joint should 
tmlly be a friction joint, tbe nuemlxu’s jolmxl 
b(>ing preHH(xl toguetlner by (due pension in tdne 
riv(ets. ’’rius (.(ensioii is prodmxxl l)y closing tdio 
riv(etu vvhike at a nxl lueat, tlue HiihH(e(iu<ent c-ool- 
iug causing a. tension in tdue riv(et., sincte tlue 
(eontuuetion is larg(dy pueviMited by (due nu'rulxu's 
joimed. H a rivuetced joint, sueli n,M is shown 
Ixelow is t(eHti(e(l by gradtiadly itueneaising t.lue 
pidl, tlue joint will Ixe fotind to Ixe (da-st-iie at. 
lirst, tlue a(etua.l (exUenston Ixuiig small a.nd 
inermsing uniformly vvildi tlue load. At a, 
(eertain load slip will occur, indi<iating yud. (due 
frictional force luis Ixhui ovuerconue, and (dete 
actual amount of slip will d('p<aul upon Iiow 
a(X3urat(ely tlue rivtetN lilkxl tlue hokss. Af(.<er 
this initial slip tlue (ext(MiHion will vary sonue- 
what irregularly until all tlue riv(etH are'lx'aring 
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tlio plates, and liavo all roached their 
yi('ld point, or until the stims in the plates 
has reaelu'd tlic^ yield point. Tt will readily 
1)0 realiscHl that tlio joint is not satisfacd-ory if 
loaded hoyond the load required to overcorao 
the frietion, Hinec there would be baeklash for 
rev(U’sal of .ytrosa ; also the joint would loak^ 



for example if used in a boiler; or, further, in 
ordinary Htnud/Ui-al work moisture would find 
il-s way in, with the n'sulf that rust would 
form. 

OvviiiiL!; to the dillieulty of estimating the 
frietional force in a joint due to possible 
(hvl’eoti'vo workmanship, ete., it is usual to 
d(‘Hign the joint simply on the assumj)tion 
that tluM’o is no frieiion, and that the rivets 
transmit. t.Iu^ stress from one mend)er to the 
other hy tlnur slu'ai’ing stress, dMus wouhl 
aj>[)e!ar t.o he a wliolly illogiiad i>roeedure, hut 
it. lia.H t.his l.o Ik^ Ha.id in its Ca.vour, vi/i. that 
it. ()rodue(‘s a joint which, even if slip does 
occur, will still hold, and eomf)let.e failure will 
not misne. 

Mvon when treating the riveted joint merely 
a.H a pin joint, as is usually done, the design 
dep(nuls more upon ompii’ieal rules, based on 
|)aHt experi(m(»o, than upon theory, although 
tb(u*(‘ ar(' a few tlu'on^tic.al eonsido rations which 
ar(^ useful as a guide. 

§( 20 ) Ways in Wiiicii a fliMTLn Rivio™d 
do I NT MAY kail. — L( d. P 1)0 tho loa<l carried 
by one rivet'. 

/), and p.j b(^ the ultimate shearing stress 
of tlu^ rivets and plates roH])eet.ivoly, bo the 




(3) Tho portion of tho plate baed may shear 
out, 

P=:p2X2/2. 

(4) Tho i)lato may tear across ga and eh, 

(f>) Tho plate may split along fc. The load 
cannot, bo calculated. 

(0) Rivet may fail by bonding. Tho load 
in this case cannot be calculated. 

Tho diameter of the rivets is estimated by 
consideration of (1) and (2). tn the case of 
tho joint shown, for equality of strength we get 

or d-H%. 

Tho sizes commonly adopted are : 


IMjiU'H 

Rivotri 


(thIt'UucMH). 

(lUainoicr). 


]" to V 

V to r 

Light stnudiuriil work 

r to t 

t to 7' 

Light bridge work 

r 

i" 

Ih'iivy bridge' work 


XTsually a single si/.o is seleeied and used 
throughout, and the safe load ])er rivet is 
ostimat'ieil hy the shear or eoinprossion. 

When thcu’c are more than tw'o rows of 
rivets on either side of tho joint, tho distribu- 
tion of load between the rivets has to bo 
considered. 

Take for oxaniplo tho joint shown below. 





uhimaie hMisile stress of the ]>lateH, be tho 
ultimah^ compressive stress of the rivets and 
plat.('H, (I b(i the dianudiw of tlm rivets, t bo tho 
thickness of the plates joined. 

(1) TU<^ rivetiH may shear, 

( 2 ) !I’he plate or rivi^t may bo enished at 
Hurfa(!0 afe, 

P. p^xdi. 


If wo assume that the rivets are rigid in 
comparison with the ])lateH, then the stretch 
between the rivets must be the same for tho 
members joined and for Uio cover plates. Jjot 
Pj, Py, l*ji be the load cari'icd by the rivets. 
For (ii and wa) have 

1> l\ dV ... (1) 

h'or hi and wo have 

1 \|P, P Px-IV . - ( 2 ) 

Also l Pi, P. . . . (3) 

Those give Pa “ b 

and P, d>., 1/2. 

If we take t.he opf)OHito extreme case and 
assume that tho platens are rigid in com])aris<)n 
with th(' nv(d.H, we that wo shall get (vpial 
distortion of the thr(,e riv(d.H, i.e. each rivet 
will earry one -third the load. The true 
condition of things must he somewhere be- 
tween these (^xtrcmcis and wo shall get tho 
I middle rivet carrying less than one-third the 

3o 


von. i 
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load. Tor this joint, assuming tho rivots 
rigid, the loads on them might bo equalised 
by varying the breadth of the cover plates 
and the joined members, as shown below. 



Tig. 25. 


Tho above does not apply after tho yield 
point of the rivets or plates has boon reached. 
It is clear that if ultimately tho joint fails by 
the shearing of tho rivets the load will bo evenly 
distributed. 

Another factor which affects tho distribution 
of load between tho rivets is the arrangement 
of rivets with reference to the resultant lino 
of action of the pull. 

In the figure two T members are joined by 
two cover plates, one on each side of the 



Tig. 26. 


vertical part of the T. Tho resultant pull will 
pass through the centre of gravity of the cross- 
section of tho T, and it is obvious that tho 
rivets will have to resist not only a pull P but 
also a couple of magnitude Pa, In order to 
secure uniform loading of the rivets tho centre 
of gravity of tho rivet holes shoulcl lie on tho 
resultant lino of tho action of tho pull. 

§ (21) Eccentrically Loadki) Eiveted 
Joint. — In many cases it is impoHsible to 
attain tho condition tJiat tho resultant ])ull 
passes through tho 
centre of gravity of tho 
rivet holes, and in such 
cases it is imj)ortant 
to estimate tho load 
oarrio<l by tho most 
sovoroly strcsHcd rivet. 
Consider tho joint shown 
below in which tho plate 
is HUpi) 0 HGd rivot(Hl to a 
largo rigid mombor. 

Lot P ho tho resultant pull on tho plate. 
We shall assume that tho (loformation of riie 
plate is negligibly small com])firod with tho 
yield of tho rivets. This will generally ho the 
case, since in joints of this typo the stnwsc's 
in tlio plate will usually bci small Wo shall 
further assume that the n^Histaiiot^ of any 
rivet is proportional to the disj)la<‘.ement of 
tho portion of tho plate around tho rivet 
relative to tho momlxu’. 

.Ijot there bo n rivets and let 0 be tho (?ontro 
of gravity of tho rivet holes. Draw ({M per- 
pendicular to tho lino of action of D. 

Wo may consider the plate subjected to a 



pull P acting through (I and i»arall(d to the 
lino of action of the pull on tlu^ phiU^ and 
also to a eonple Pn, where a <{M. 

Tho stroHH in eat^h jivet due to pull at 
is equal to P/a. The displaoenumt due to this 
in direction porpeudioular to will hoi /»’ ( P/a}’ 
whore h is some eonstaiit. 

Jjot '/) he the load on any oin^ riv(di si(:uat.(Hl 
at a distance x from (I due to the oou|)l(^. 
Then for the couple we have 

— Va. . . . ( 1 ) 

q^ho displacement of eaeli rivet will l)(> pro- 
portional to its distance from (I 

hptr-.OXy wluwe 0 is the angh^ of rotation of 
tho plato relatively to tho member. 
qhuM’efons from (1), 


Any rivet A, say, will have Ji (Usfdaeonumt 
/c(P/w) in a direction porp(mdicular to (JM and 
a displacement . A<^ jxwpendieular to A(l 
Produce MG to 0, them tho cliH[)laooiuont 
of 0 


= X (,!(!. 


Make OG— /cP/a^l, then (/ will hav(' no dis- 
placement,* i.c.. it will th(^ instani.niKMJUH 
oontro of rotation of tlu^ 

Trom (2), 


qqie resultant (liH[)laeenumt of A will be 
equal to h . AG. 

qilie load on rivtd/ A will be {0 . kV)lk 

A/. 

The most sev(u*oly stinmal riv(di will ob- 
viously be tho rivet most 
distant from G. |v.nr. . p 

Ah nil e.xampli' talu^ the 
joint hUowu helow, P/f/« 1 

bTom HynmuHtry wii h(*(^ | i 

that ,tlie (joutro of gravity 7*j' y | 1/ 

of tho rivets iw a.t rivia (1. O CT! A 


.•JOB, 


Tho moHt Hev('i’(>ly MlrcsMHod HveUi will hi' A and It. 
Load earriiMl hy rivit A 


1 :ta 
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VI 

§ (22) Frames. — In designing framed struc- 
tures such as roof trusses, lattice girders, etc., 
which are to be loaded at the joints, a deter- 
mination of the total stress in each member 
has first to be made. The method of doing 
this depends upon whether the structure has 
just sufficient members to prevent it collapsing 
or has more than sufficient. In the former 
case the principles of pure statics enable us to 
estimate the total stress in each member, 
whereas in the latter case we have to employ 
the principles of the Theory of Elasticity. 

In a frame in which all the members lie 
in one plane we have a triangle as the simplest 
form of a perfect frame, i.e. a frame which 
has just sufficient members to prevent a change 
in shape when loads are applied at the joints, 
except the slight deformation caused by the 
small change in length of each member due to 
the stress in it. 

We note that the triangular frame has 3 
joints and 3 members. If we add another 
joint to the frame we shall have to add two 
more members, and this will be the case for 
every joint added in building up a complex 
perfect frame. It follows that in a perfect 
frame of j joints the number of members will 
be 3 for the original triangle, and 2(y - 3) for 
the added portion. This provides us with a 
useful test of a perfect frame. In the perfect 
frame in which all the members are in one 
plane, if j is the number of joints, the number 
of members must be 3-{“2(y-3), «.e. 2J-3 
members. If the number of members is 
greater than (2J -3), the excess are redundant 
members. 

For frames in which the members do not lie 
in one plane the simplest perfect frame is the 
tetrahedron, and in this case in any perfect 
frame the number of members must equal 
3i~6. 

There are two methods commonly employed 
in estimating the total stresses of a perfect 
frame : (1) Reciprocal figures ; (2) Method of 
sections. We will briefly illustrate these by 
a simple example of a roof truss. 

The truss with its loads is shown in Fig. 29. 
In such cases it is usual to assume that the joints 
are all fiictionless pin joints, although in reality 
they are by no means so. Most of the joints 
will be riveted joints. It will be found, how- 
ever, that the error introduced by this assump- 
tion in estimating the total stresses is usually 
small. As will be seen. Bow’s system of nota- 
tion has been adopted. This consists in in- 
dicating the spaces between the forces and the 
members by a single letter. In Fig. 29 the 
line f'g'a'h'c'dfeff represents the force polygon 
for the external forces /g, ga, ah, etc. 

To find the total stress in each member we 
draw a force polygon for each of the joints. 


going round the joint in the same direction, 
viz. clockvise, as in dealing with the external 
forces. Starting at the joint fgah we have 
the polygon j'g'a'h'J', and similarly for the 
other joints. The length of a'h', for example, 
gives the total stress in member ah. The 
results are tabulated in the figure. This is the 
reciprocal figure method. 

An alternative way of graphically finding 
the total stresses is to use the method of 
sections. Suppose we wish to find the total 
stress in the member bk. Call it a thrust T. 
Take a section AB and consider the equi- 
librium of the part of the truss to the left of 
the section. By taking moments about the 


ISciut 



seoiut 


Member 

Total 

Stress 

(cwt) 

ah 

dn 

-55 

bk 

cm 

■‘SO '4 

hk 

mn 

-16 

kl 

Im 

*17’ 4 

hf 

nf 

+52 

rf 

+34’4 


SBciot 



Tin. 29. 


joint U the only unknown force will be T, and 
we have 

TxUV-f-l8xUW + (9-36) x UX = 0. 

Substituting the distances measured from 
the diagram, 

0 73T-f 18 X 0-34-27 x 1-59 =0, 

.*. T = 50-4 cwt. 

§(23) Effect of Stiff Joints. — As illus- 
trating the effect of estimating the total stress 
in the members of a frame by assuming |ihe 
joints hinged, we will take the following simple 
.example. 

The roof truss shown below has a single 
concentrated load applied at the top. The 
sloping members are each of standard T section, 
2 in. by 2 in. by J in., and have an area of cross- 
section 0-947 sq. in. and a radius of gyration^ 
about the axis of bending 0*.'597 in. The tie 
is a round rod of diameter J in. and length 
10 ft. We will find the error in estimating the 
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stress in the tie rod due to assuming the 
members rigid and the top joint hinged. 

W 



(1) Assume the members rigid and the joints free. 
Let P be the thrust in BA, and T the pull in BC. 
For the equilibrium of the pin at B we have 
W 

Psin 30° = -, 

Pcos 30° =T, 

W 

T=- cot 30°. 


The error in this simple case is extremely small, 
but the secondary stress induced due to stiff joints 
and the bending of the members niay in many bridge 
trusses amount to as much as 20 per cent of the 
primary stress, and in certain cases to consider- 
ably higher values. In very large structures these 
secondary stresses are calculated and allowed for, 
but for small structures they are not directly esti- 
mated, but are provided for by keeping the working 
stress a small fraction of the breaking stress. 

§ (24) Deflection of Framed Trusses. 
(i.) The Deflection Diagram . — In the case of 
framework in general, built-up lattice girders, 
and roof trusses, the deflection and deforma- 
tion is most conveniently found graphically 
by drawing what is called a deflection diagram. 
We will illustrate the method by taking the 
simple frame shown in Fig. 31 and loaded 
with a load at a. The member dc may be 
considered rigid, and the joints pin joints. 

Assuming the members rigid and the joints 
free, estimate the total stresses in each of the 


(2) Assume that the joint at A is rigid. 

Let P' and Q' be the forces, along and perpendicular 
to BA at B, and let T' be the pull in BC. 

For the pin at B we have 
W 

P'=- sin 30° -HT' cos 30° 



2 ^ 5 '^ 2 ’ 

and cos 30°-!'' sin 30° 


=i(T-T'). 

For the deflection of a beam such as AB, fixed at 
one end and loaded at the other, we have 
Q'l^ 


5= 


3EI 


(T-TOx 10^x1728 
"O X 3 X X 0-947 X 0-5972 x E 

(T-T Q 
E 


xl-64xl0^ 


x7.3. 


For the shortening of BA due to the compression 
P', neglecting the shortening due to bending, we have 
P'xl20 

“"0-947 X .^/SxE 

(T/2V3+^/ST72) 

E 

The extension of the rod BC 
Ux 16x120 
ttE 

=2 {5 cos 60° — a cos 30°}, 

610r = 1-64x105(1' -TO . n. V /« 

610r- 1 -64 X 105fT - TO -h36-5T + 109 -ST' =0, 
(1-64 X 105 - 36-5)(T - TO = 756T', 

T-T' 

or __ =4.07 X 10-3. 

The error is about 5 in 1000. 



members. If P is the total stress in a member, 
A its area of cross-section, and I its length, 
then the total stretch will be equal to PZ/AE, 
and will be positive or negative according to* 
whether P is a tension or a compression. 

Now the relative motion of one end of a 
member to the other may be considered as 
consisting of two components, one along the 
member and the other perpendicular to the 
member. The component along the member 
may be found as shown above. We now draw 
the deflection diagram as follows : 

From some point o draw to represent 
the movement of h towards the fixed point c 
along be. Draw b^m perpendicular to oh^. 
Then the displacement of h is given by ob\ 
where 6' lies on b-^m. 

Similarly find the displacement of h by 
considering it as a point in the member dh. 
Draw 0^2 parallel to db to represent the move- 
ment of b away from the fixed point d along 
db. Draw b^n perpendicular to bd. Then b' 
is given by the intersection of b-^m and b^n. 

Similarly we find the displacement of a 
relative to b by drawing b'a^^ parallel to ba 
and to represent the shortening of the member 
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m 


ba. Draw a-Jc perpendicular to ah. Lastly, 
draw 0^2 parallel to da to represent the length- 
ening of da. Draw aji perpendicular to da. 
The point of intersection of ajc and aj. gives a'. 

The total displacement of a is given by oa', 
and the vertical and horizontal components by 
or and ra'. 

In Fig. 31 we will assume that the areas of 
cross-sections of the members are so selected 
that all members in tension are stressed to 
6 tons per sq. in. and all members in com- 
pression to 4 tons per sq. in. Take E = 12,000 
tons per sq. in., then we get the fpllowing : 


Member. 

Stress 

(tuns pei' sq. in.). 

Length 

(feet). 

Extension 

(inches). 

(b 

6 

20 

n/S 

0-0693 

(2) 

-4 

10 

s/3 

-0-0231 

(3) 

6 

10 

0-06 

(4) 

-4 

10 

-0-04 


From Fig. 31 we find : 

The vertical deflection of a=0T6 in. 

The horizontal deflection of a = 0-07 in. 

(ii.) Maxwell's Method. Principle of Worlc. 
— The deflection of any joint of a loaded 
frame may also be determined by the principle 
of work as follows : 

Let F=the total stress in any member 
required to produce unit stretch in that 
member. 

Let P=the actual total stress in the member 
due to the loads on the frame. 

Let Z=the length of the member. 

Let fc=the total stress in any member due 
to a unit pull in any specified direction applied 
at the joint considered. 

Let 5= the displacement of the joint in the 
specified direction due to the loads on the 
frame. 

Let z=the displacement of the joint in the 
specified direction due to a total stress k in 
the member. 

Assuming all the members quite rigid except 
the member considered, we have, by the prin- 
ciple of work, 

, h kl 

lX2=gX|^. 

since kllF is the extension of the member 
considered due to the total stress k in it. 

An extension of the member considered pro- 
duces a displacement of the joint in the speci- 
fied direction equal to Z;x extension of the 
member. 

Therefore stress P in the member considered 
produces a displacement of the joint in the 
specified direction equal to ^ x PZ/F. 

Due to the stresses in all the members of 


the frame, the displacement of the joint in 
the specified direction is giv-en by 

If we want the actual displacement of any 
joint we may find the displacement in two 
directions at right angles and then find the 
resultant. 

Taking the previous examples, if p=P/A 
and /=F/A, where A is the area of cross- 
section of the member considered, we may 
write the deflection of a joint in a specified 
direction equal to Miplff). We note that 
/=E. Applying a unit load vertically at a 
we have for the vertical displacement : 


Member. 

k 

(tons). 

p 

(tons per sq. m ). 

i 

(in.). 

4 

(1) 

1 

6 

240 

.,/S 

0-04 

(2) 

2 

-4 

120 

n/3 

0-0267 

(3) 

2 

3 

6 

120 

0-04 

i 

(4) 1 

4 

3 

-4 

120 

0-0533 



Total . 


0-16 


Applying a unit load horizontally at a the 
value of h for member (1) wiU be 1 and for 
members (2), (3), (4) will be zero. 

The deflection of a in a horizontal direction 
, . 240 1 

=0-069 in. 

§ (25) Feame with Redhhdant Members. 
— Let the redundant members be denoted by 
a, b, c, etc., and the other members by 1, 
2, 3, etc. 

Let represent the true total stress in 
member a when the frame is loaded, and 
similarly Pg will represent the total stress in 
member 3 due to the loads. 

Let Qi, Qa, Qa, etc., represent the total 
stresses due to the loads which would exist in 
members 1, 2, 3, etc., if all the redundant 
members were absent. 

Let k^^ represent the total stress in member 
1 due to unit pull in member a, all the other 
redundant members being supposed removed. 

Let Fg represent the total stress in any 
member 3 required to produce unit stretch 
in that member, and so on. 

Let Zg represent the length of member 3, 
and so on. 

We have 

P^ — Ql "h ^laPa ^isPs "i* ^IcPc "f" • • •■ ? 

Pg — Q2 ■f" ZjgoPa + ZJjcPc "i" • ' • j 
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and similar equations for all the mom bora 
whic'.li are not redundant. 

Now let us confine our attention to mem- 
ber a, say, and employ the method of the last 
article. If is the shortening of the member 
a, we have 



But 5^ is also equal to - Pa/Ea- 


q?hc Hboriftiunp: of rnrtnlK'r (fi), ?’.r. t,lu^ (liKplaceuiciil, 
of a in fUreotion uc, e Ix'infr fix('(I, 

J^)- o-asHiv,) ^ ()'.‘ts8 V (o-in/ ^/,i) 

'' F 1 2, ( )()()/() 

_ ( - (2/ J^) - 0-7.I l\) V 0.74. >: (120/ sj‘i) 
^ J2, 000/2 

({2/:J) H-0«.127Pf,)0-127 :< ,120 

‘ 12 , 000/0 


. Pa^ Pl^iai'j , P2^2«^2 , 

i.e.-^“ = (Qi+^;i„P„-|-fci,Pj + /ci„Po+ . . 

+ (Qa + ivPa+fcai.P!. + i2cP<,+ . • 

X '2 

H- , etc. 


__ ( - (4/2) . ^ O-HH-l PjJ \ 0«8r)-t V 1 20 
12,000/2 

((l-7.i.V, , 5). 

But duo to pull Pjj the Hliorloning of niombor (0) 

^ P^xl ■525x 120 2*05 

12,000/2 " 100 


We shall obtain a similar equation for each 
of the other redundant mem hers. If there are 
?i redundant members we shall obtain n equa- 
tions containing only the unknowns P„, Pj,, 
Pc, etc. 

From these equations wo may find P^, Pj,, 
Pc, etc., and therefore Pj., p 2 j P^, etc. 


As an example, take the frame used in the previous 
example, but with an ad- 
ditional momber (5), as 
shown in Hg. 32. 

Lot W«1 ton, then from 
the previous example the 
areas of inemberH (1), (2), 
(2), (4) are 1/(1 ^/2, 

1/9, 1/3 sq. in. rcspoativcly. 

Lot the area of the cross- 
section of (5) 1)0 I sq. in. 

Take tho member (5) as 
the redundant momber and 
consider tho stress of tho other members duo to 
a unit pull in member (6). Draw hq parallel to da. 
Then 


I /■ 


//\ 

1 




1 



Tig. 32. 


qh 

— - 

, ah 

^25 = - ' =” ~ 

aq 

0-427 

0-854 


0-388 


0-74 




' V3 

E 

""9 

E 

4-3 




P 2 -- ';3-0.741>, 


P3-Yl0-t27P, 

P4-=~^-0-854Pj., 


«-74I>5 1 5 2-()r>I>f,, 

■0-512 tons. 

Having obtained the thimst in metnlxw (5) we 
oan now obtain the stresH in eaeln of the olJi(»r 
moiuboi’s. 

VII 

§ ( 26 ) STiiTiNaTir oin a 60 -foot ' IH ) ai )- 
BHincaQ. — Wo will illuHtrate in (h'tail i-lu^ 
method of oHtimating tlio strcmglb of a 
structure by taking an a(!tu}d ('.xainph^ of a 



Ij’ia. 33. — A Hkoletou Elevation of a (Urder. 




Em. 2r>.” -A Eortlen of a (drder In detail 


lattioo-work bridge, drHignrd iiriginally for 
military purfxrHOH. 

iho bri<lg(^ in not Helerdod uh Hpocially 
roprosenting modern highway biidgr^w, but on 
nocouut of the fact that ‘ the eahmlatiouH 
involved are relatively Hitnplc and short, jvnd 
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at the same time illustrate the essential points 
which have to be considered in all steel bridges 
of this character. For a permanent structure 
the bolts used at the junctions in the flanges 
would be replaced by rivets. 

The clear span is 60 ft., and the over- all 
length of the girders 64 ft. The bridge is 
designed to carry a continuous train of 16-ton 
tractors, with axle loads 5 tons and 11 tons, 
the axles being 10 ft. distant apart. The 
weight of the bridge is 32*6 tons. The 
distance between the centre flnes of the 
girders is 12 ft. 6 in. The breadth of the 
roadway is 10 ft. The breadth of the wheel 
base of the tractors is 7 ft. 

(i.) Estimation of the Maximum Bending 
Moment . — In this bridge the chords of the 
girders are the same throughout their length, 
so we need only consider the maximum bend- 
ing moment produced by the loading. 

We will allow 10 ft. between the rear axle 
of one tractor and the front axle of the tractor 
immediately behind. This leaves only some 
3 ft. actual clearance. If the tractors close 
up more than this they will be going dead 
slow, and in that case the impact factor might 
be reduced. 

We adopt an impact factor |. 

The maximum live load which can be on 
the bridge is shown in Fig. 36, where the 
effective span is taken as 62 ft. 

To estimate the maximum bending moment 
we may draw a series of bending moment 


(j) c | ) . ( | ) 


T 


5 11 

-- 62 ' - 
Fio. 36, 


3 


diagrams for different positions of the train 
of tractors on the bridge and select from these 
the maximum value, or we may make use of 
the following facts : 

(1) The maximum bending moment for the 
bridge wiU occur under one or other of the 
loads. 

A glance at the bending moment diagram 
for one position of the loads will show this 
to be true. 

(2) The maximum bending moment for the 
bridge will occur near the middle of the 
bridge. This is found from experience to be 
the case. 

(3) With a deflnite system of loads on the 
bridge the maximum bending moment under 
any one load occurs when that load and the 
centre of gravity of all the loads on the bridge 
are equidistant from the supports. 

Assume the loads on the bridge are as 
shown in Fig. 36. The centre of gravity of 
the loads will be at load B. The maximum 
bending moment under B will be when it is 


at the centre of the bridge. Taking moments 
for the loads on the left-hand side about B, 
we have 

Mg =29-5 X 31-11 X 30-5 X 20-11 X 10 
= 374-5 ft. -tons. 

For the maximum bending moment under 
A we find that, by fulfilling condition (3) 
above, the system of loads on the bridge 
changes and we get the system shown in 
Fig. 37. 

The centre of gravity of the load on the 
bridge is now at A. For maximum bending 



Fig. 37. 


moment under A it -will have to be placed at 
the centre of the bridge. Taking moments 
about A for the loads on the left, we have 

M^ = 26*5 x31-5 xSO-ll x 20-5 x 10 
=401*5 ft. -tons. 

This is greater than the maximum under B, 
and therefore we must design for 401*5 
ft. -tons. Suppose W is the load which, if 
uniformly distributed, would give the same 
maximum bending moment, then 

JWx 62=401*5, 
i.e. W = 51 '8 tons. 

We must now see how much of this load may 
have to be carried by one girder. The whole 
train may be on one side of the bridge, and 
we have the condition shown in Fig. 38. 


F 


1 k- -s' 6-^ 
n 'L. 


1 

- a 

‘ 1 ^ 


: 




>1 


- — /j/ 0 ' 



Fig. 38. 

We get for the maximum moving load (F) 
carried by one girder 

12*5 X F = 7*75 W, 

F=0*62 W. 

Allowing for an impact factor of |, and for 
the weight of the bridge, each girder should 
be capable of withstanding a bending moment 

=J(0*62x 51-8x1-1- 16*3)62 
=438 ft. -tons. 

(ii.) Longitudinal Stress in the Chords of the 
Girders . — ^Each chord consists of two standard 
channels, each 10 in. x 4 in., weighing 30*16 
lbs. per foot, and of area of cross-section 
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8*871 sc[. in. To get the effective area we 
must consider a joint where it vill be seen 
that there are two bolt-holes in a vertical 
cross-section. The bolts are in. diameter, 
and the thickness of the web of the channel 
is 0*475 in. 

Therefore the effective area 

= 2(8-871-2 xfx 0*475) 

= 15*36 sq. in. 

If is the mean stress in the chord, then 
15*36x4*67 =438, 

.*. ^ = 6*12 tons per sq. in. 

Now we have to bear in mind that in this 
bridge the roadway is supported on joists 
which rest on the bottom chord. There will 
therefore be an additional stress due to the 
fact that the portion of the chord between 
two panel points has to act as a beam. Since 
the chord is continuous through the panel 
points, and the load is carried on decking, 
which is also continuous over more than two 
^ joists, it is impossible 

to estimate exactly 
the maximum bend- 
ing moment in the 
chord. We shall 
rather overestimate 
the maximum bend- 
Fio. 30. ing moment if we 

assume the chord 
merely supported at the panel points and a 
heavy axle midway between the panel points, 
as shown in Fig. 39. 

The maximum bending moment 

W 13 
~ 2 “^ 12 ' 

Now W may be 0*62 x 11 x f tons. 

Therefore the maximum bending moment 

^ 0*62x11x5x13 

~ 2x12x4 

= 4*62 ft. -tons. 

For the chord the moment of inertia about 
the axis of bending is 2 x 130*7 in.'^ 

The maximum longitudinal stress 

_4*62xl2x5 

261*4 

= 1*06 tons per sq. in. 

Adding this to the stress previously found 
we get the maximum longitudinal stress in 
the chord equal to 7*18 tons per sq. in. This 
is satisfactory, since the allowable stress may 
be 7*5 tons per sq. in. 

We have not considered the possibility of 
buckling in the top chord. The chord itself 
has very little resistance to buckling in a 
horizontal direction, particularly at the joints. 
It will be seen in Fig. 34 that buckling has 


been prevented by means of side struts at 
frequent intervals, every 2 ft. 2 in. at the 
middle of the girder. 

(iii.) Joints in the Chord. — At a joint in the 
chord only one channel has to be joined at 
one section. The most heavily stressed joint 
will be the one nearest the middle. This 
occurs at 2 ft. 2 in. from the middle, and the 
bending moment at this point will be practi- 
cally the same as that at the middle. 

The pull to be transmitted by the bolts 
of the joint is 438/2 x 4*67, i.e. 47 tons. 

There are seven l-J-in. bolts on either side 
of the joint. 

Therefore the bearing pressure 
47 

“7x1*25x0*475 
= 11*3 tons per sq. in. 

The shearing stress 

47 X 4 

“7x7rxl*252 
= 5*5 tons per sq. in. 

These are satisfactory since, with an allow- 
able tensile stress of 7*5 tons per sq. in., we 
may allow Jx7*5, i.e. 5*7 tons per sq. in. in 
shear, and IJ x 7*5, i.e. 11*25 tons per sq. in. 
in bearing. 

(iv.) Diagonal Members. — The first four of 
these at either end consist of two 4 in. x 3 in. 
X I in. standard angles, and the intermediate 
ones of two 3 in. x 3 in. x | in. standard angles. 
W^e need only examine the end one, which will 
have to carry the greatest load, and the fifth 
one from the end. 

It is easy to see that the maximum shearing 
force will occur at one end of the bridge when 
an 11-ton axle has just got on to the bridge. 
From Fig. 36 we have the maximum shearing 
force F due to the moving load given by 

Fx 62 = 59 x32, 

.*. F = 30*4 tons. 

The maximum shearing force which may 
have to be carried by one girder 

= 30*4x0*62 x-f-1- 8*15 
= 31*8 tons. 

Let P=the maximum thrust in the end 
diagonal, and d the angle of inclination of the 
diagonal to the horizontal, then the maximum 
end reaction will be equal to P sin 6, 

i.e. P sin =31*8, 

^ 31*8x1-8 

.*. P = — — • =33*2 tons. 

The length = 

1*72 

= 58*6 in. 
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'Plu'i is iiuulc! of Iavo 4 in. x ,‘i in. 

X U in. anjLiilt^H, amui^od ax hHowu in FUj, 40, 
(a) a^iul (/>). 

Fi(j. -to {(t) hUovvh ilio nnjjfU'. Tho 

ar<'a. of ('n)MH"M(M'.tion ih 2-485 h<|. in. Tho 
nionuaiiH of ituniia al)out axon XX, ami VV 


y\ 1 




w-Xl 


('0 


Vw, 40. 


y 

(h) 


throne'll lh(' o(aiU*(^ of gravity arc 3-89 in.^ 
and 1-87 in,'^ roH|)<a4ivoly. 

I<''or th(^ (ioiupoinul nannlKn’ wo nhall liavo 
for tho nionnailH o{ inortia. about tho axoH 
XX and YY throi 4 »;h tiho ccuitro of gravity 


1.,,, 2 X 3-89 7-78 in.'b 

iuu -3 :< b'S? I 2 2-d85(0-77l | 0-375)“ 

. 10-23 inA 


ddio l(^aHt radiuH of gyration in 


V: 


3*89 

2-485 


1-25 in. 


Tho HlondornoHH ratio 


/l\ 58-0 

W 


Ri-9. 


lining tho formula (8 0-()35a) tonn per xii. 
for iJu^ working Htr<^HH, wo g<d» tlio value 
(8 0-035 40-0), i.<\. 0-38 toun por h( 1 . in. 
ddui ao.fiind maixinvum HtiX'HH in 33-2/2 x 2-485, 
f.r,. 0-7 ioim per H((. in. 

ddu^ aotual ntnwH in high, ovoii allowing for 
tlu^ facd tha.t W(^ havo takou tlu^ longl-h an 
ijH^aHiircKl from tlx^ o(mtro of tlio ohordn, aw in 
oommonly doms whorisan tho aotual length in 
(H)nHi(lorably U^hh than thin. 

\V<^ will now oxamiuo tho fifth diagonal 
from tho left-hand end. With Hunieiont 
a,ooura(’y wo may tak(^ tlu^ maximum ponitivo 
alu^ai* in thin mond)or to oooiir wlion a train 


to' H-< -/o' 


f- t T T T I 


ri 0 11 6 11 5 

02 ' 


4h(1. 4 1. 


Tho [)OHitivo shear in tlie third panel of 
tho two girders is ccjual to the end reaction S. 


__33x 30-5 4 15x20-5 
()2 

= 21-2 tons. 


Of this, ()-()2 S may come on one girder. 

Duo to the dead weight tho positive shear 
in tho lii-st half of tlie third jmncl of one girder 


-=B-15- 


J20 

12 


o 



= 5-7 tons. 


]()-3 

04 


100 1 10-3 
12 ^ 3 "" 04 


In this we havo made tho usual assumption, 
viz. that one- third of tho weight is carried 
on tho top (jhord and two-thirds on tho bottom 
chord. 

The maximum shear in tho third panel 
= 21-2 x0-()2x 5-45-7 
= 22 tons. 


Tlio length of the diagonal 
-■ \/r,(>“+ 2(5^ 


~-()l-0 in. 

The thrust in tlie diagonal 

22 X 01-0 

50 

= 21-2 tons. 

The diagonal conHists of two 3 in. x 3 in. 
X jj in. standard angles, d'otal area of cross- 
section, 4-222 S(|. in., and least radius of 
gyration, 0-9 in. 

Tho allowahlo stnsss 


. 0-35x01-0 

:-=8- JJ 

r-n-O tons por sq. in. 

The actual maximum stross 
2-1-2 
4-222 

;5-7 tons por sq. in. 

(v.) Joints . — In tho cuul diagonal there are 
fivt^ J-in. nv(4s at each end. 

The bearing prossnro 

33-2 

o X :[ X J 

• ; 10-1 tons per sq. in. 

The shearing stn^ss in tho rivets 
33-2x4 

“5x2 XT x(2)'i 
■5'5 ions f)(u* H(p in. 

In the fifth diagonal wo Juivo four J-in. in 
place of Jiv('). 

Tho b(, Hiring j/rossuro 

24*2 

"4x,it X J 

= 9 '2 tons per sq. in. 


of tractors is in tho jmsition shown in ,AVf/. 
41, tho first load ooourring at tlm joint botwoon 
th(‘ third and fourth panoL 
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The shearing stress in the rivets 

_ _ 2^ X 4 

‘“4 X 2 XTT X (1)2 

= 5-05 tons per sq. in. 

These are satisfactory, since the allowable 
bearing pressure is 11 J tons per sq. in. and 
the allowable shearing stress 5*7 tons per sq. in. 
We have assumed the effective area for 
double shear equal to twice that for single 
shear. Engineers frequently only tahe IJ in 
place of 2 in estimating the strength in double 
shear. There appears no reason for so doing 
in a case such as this. 

We must now examine the joints between 
the gusset plates and the chords, and wo will 
consider the first from the left-hand end on 
the bottom chord. 

The maximum stress duo to the moving 
load will occur when there is no load to the 
left of the joint, an 11-ton axle at the joint, 


L 1 q'. ^ io'. V- -70 - .70- ^$' 2 '^ 

' ^ I ! • 


rh 9 (o') Cl 

1 i) — 

■i 1 i 1 j 

11 5 11 5 1 

T ' 

1 5 


and the rest of the span covered by the train 
of tractors, as shown in Fig. 42. 

Taking moments about the right-hand end, 
we have for the bridge 

„ 33 X 39-17-1- 15 X 29-17 
-62' 

=27-8 tons. 


Due to the dead weight of the girder, 
assuming one-third distributed at the joints 
of the top boom and two-thirds at the joints 
of the bottom boom, wo have for the shear 
per girder 


8-15 -|x 2-83 X 


16-3 

(54 


“I X 2-83 X “ X 


16-3 

64 


= 7-67 tons. 


The total vertical shearing force 
=0-62 X 27-8 x -^ -f 7*67 
=29*3 tons. 


The tension in the diagonal 

^29-3 X (51-6 
56 


= 32-2 tons. 


By an exactly similar calculation wo find 
for tlio third diagonal the maximum thrust 
is equal to 22 tons. 

Resolving these vertically and horizontally 


wo have for the resultant pull on tlie gusset 
plate 

/ f (32-2 1-22) 2(5 1 “ f (32-2 22) 5(5 1 ^ 

V \ ■ I ' <'>-‘> * 

--24-6 tons. 

There are eleven ^iti. rivets comieetiug the 
I -in. gusset plate to the boom. 

The bearing stross 
2-1 -() 

--3-4 tons per sq. in. 

The shearing stress 

_24-(>x64x4 
U X TT X 49 X 2 
= 1-85 tons per sq. in. 

These are considerably less than ibo allow- 
able atrosses and fewer i-ivets would have 
sulliccd. It can readily ho seen that th(^ aizo 
of the gusset plate is more than suilKucnit so 
far as stress is ooncornod. It is (h’llienniued 
by the space required by the joints at the 
ends of the diagonals. 

(vi.) Floor SjjHtem. — The roadway consists 
of 9 in. X 4 in. solooted pitcdi i>inc planks 
running longitudinally, and supported^ on 
12 in. X 0 in. X 44 lbs. standard steel joists. 
These rest on the bottom chords of tlu^ gii*d(n's 
and are spaced 2 ft. 2 in. apai’t. 

The greatest heruling tnoineul- and slu'iaring 
force in a joist will oe.eur when a heavy axl(^ 
is immediately over iJu^ joist. 

The roadway occupies the middh^ 19 ft. 
of the distaiK'.e l)ctw(''.(Mi the girders. 4'lu^ 
distance apart of tlie wlnads, (;(mire to mxUv, 
is 68 in., and the broadtli of ('laeh wheel 1(5 in. 


K- 

ri m 



1 

( 

1 


T 


-^5"' 

n. 

1 

■■■■I""* 

.JO" 

A 



5-5 

150'-- 

T 

5'S 



tha. 43. Q 


Fig. 43 shows the position of lira(4.or wIuh^Ih 
for maximutn hc^uding moment whhih oeeurs 
under wlnad A. 

Jteaeth >i i (,), ; 101 I 33 ) 

4-92 tons. 

The maximum l)(ui<liug monu^nt, allowing an 
impact factor of J, 

: '4-92x1x49 

s‘h)l in. -tons. 

The dead load (uirried l)y a joist is il.H own 
weight and the weight of 2 ft. 2 in. length 
of tho timber roadway Tins latter weighs 
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()'12 ion por foot run, and the jointn weigh 44 
ll)H. \m’ fooi hnigili. 

'Foial (load load pen* joiHt 

.44x1 2-5 0-l,2x20 
22*10 '■ 12 
u-rm ton. 

lil'lio Ixuiding rnoinoni at A, Fig. 42, duo to 
tluB 

. 0.252 X 40 


•“•8*25 in.-tonn. 

The inaxinmm bending moinoni for the 
joint '209 iu.-touH. 

Odu^ monunit of inertia of the joint for 
bending 2 1 5-2 in.b 

Odierc^forc^ the niaximunv longitudinal strosa 

200 X 0 

215-2 

5-0 tona per h(|. in. 

Thin in well within the Utnit of 7-5 tuna ])er 
H<p in., ai\d the joiat could carry a heavier 
axU^ load. 

The maxinunn Hh(^a,r will he cipial to 
<).5(>(i 

4 ' I O 


(M -4-92)M 0-252 

-■-7’85 tona, 

tluH Joiat the aluiar may he aa high as 
20 tona, ho it ia (pi lie aafo to cut away part of 
th(^ joiata at the enda aa it ia done in this 
deaigu, 

VV(^ inuat now (examine the timber decking. 
Since the bn^adth of the tractor wheel is 10 in. 
we a(M^ that thia may reat on only two 0 in. 
X -I in. boarda. The maximum homlxng moment 
will h(^ prodmuul when a wheel ia midway 
betw(^(m the aUnd joiata. 

'!rho maximum bending moment 

J X 5‘5 X i X 20 
44-0 in. -tona. 

The iihre atn^aa in the timber 
44-0x2 

‘ Pq X 18 X 4^ 

■ 0-92 ton p(U' a(p in. 

2080 Iba. pew acp in. 

The maximum aluuvnng foreo in the timber 
'..5-5x2 
.0-88 tona. 

The maximum ah(>ianng Htreaa eciuala one 
and a half iimoa the moan aluniring strosa. 

Thertdore the maximum ahoaiing atrosa 

2 0-88 

2 *^18x4 


The stroascs in the timber are high for 
permanent structuroa. For pitch jiino of tluj 
boat quality the librc^ atroaa should not exceed 
some 1800 lbs. per a(|. in., aaid the ahoaiing 
atroaa along the grain some 225 lbs. iior sq. in. 
The high streaaoa were juatilied in thia case, 
ainco the timber dwildng could bo easily and 
quickly ro})airod if any scrioua wear occuirred, 
which would reduce tlie tliieknoss of the 
docking and thus unduly increase the atressoa. 

vnr 

§ (27) AiuJiina. — In order to estimate tlio 
internal streaa in archoa we reepnro first of all 
to doternune for each normal croas-aocition tlm 
bonding moment, ilu^ ahearing force, and tlio 
normal thrust, jiroduced by the externally 
applied loads. The methods employed to 
olTcct this analyaia will depend upon tlio typo 
of arch. 

1x4 V„ and II„ bo the vortical and horizontal 
comxKinenta of tlie roac'.tioii at the abtitmont A, 



Fig, 44, and M^, the bonding moment at the 
abutment. 

Let R, S, M be the normal thrust, the 
ahoaiing force, and the bending moment 
produced by the internal Btresa at aection C. 

For the ecpiilibiium of the portion AO wo 
have 

Rcoh “*8 ain 1) 

R ain 0 -|- 8 (uia 0 H- -I ■ ~ V, r . () 

8u])poHing the loada Wi, W)>, known, we 
ace that W(j liave only throe oquationa from 




;*“()• 142 ton per acp in. 
220 lbs. per aq. in. 


which to determine aix unknown quantities. 
In the gimoral case then wo ahall have to 
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obtain three more cquatituxB by couBidering 
the strains produced. 

We will consider three cases : (i.) Arch 

hinged at the abutments and at the crown ; 
(ii.) Arch hinged only at the abutments ; 
(hi.) Arch with no hinges. 

(i.) Arch hintjed at the Abutments and at the 
Grown. — The equations for the equilibrium 
of AC become 

R cos 0 — 8 sin 0=Ho \ 

R sin 0 + 8 cos 0 = - F j", . . (2) 

where F and M' are the shearing force and 
the bending moment for a straight boaxn loaded 
with the same loads as the arch. Considering 
the equilibrium of the whole arch, and taking 
moments about B, we can find the value of V<,. 
By considering the equilibrium of half the 
arch AD, and taking moments about D, wo 
can find the value of H^. 

We then have the three equations above 
from which R, S, and M can be found. 

For finding M, a graphical solution is 
usually the simplest. For the arch at D, 



since M=o, we have M^ = H^xDE, whore 
is the bending moment at E of a similarly 
loaded beam AB. 

Let ADB be the centre lino of tho arch. 
On AB draw a bending moment diagram, 
assuming tho loads Wj, W^, etc., to act on a 
straight beam AB, and make tho scale such 
that DE represents M'". 

At any point C of tho arch draw K(1N 
perpendicular to AB ; then 

KN=M', andON = H,y, 

kc=kn~cn^-m:- 

The vertical distance betwoon the arch 
and tho bonding moment diagram for tho 
similarly loaded beam rei)reBents tho bending 
moment in tho arch. 

(ii.) Deformation of an Arch due to Bending. 
— Suppose a small olomont ds of tlio arch 
situated at C is bent througli an angle di. 
If the position of the arch to tho left of tho 
element remained hxetl, and tho portion to 
tho right of the olomont rigid, then, duo to 
tho bending of ds at (J, B would bo disidaeod 
to some position such as B^ whoro 

Bir -~A\Gxdi. 

Draw ON and JFE perpendicular to AB. 


Tho horizontal disphununont of B 
^-BM 

r-BlF.Min Kil'H 
- BC.sin (!BN.r// 

■ y . di. 

The vortical diHj)la('.(un(uit of 15 
-B'B 

KftB' 

•X. di. 

Now di/ds — tho cluingo of curvature at (1 
duo to ilio loading, i.e. M/El, if tho radius of 



Fxu. ‘17. 

curvature is always large oompan^d with tho 
thickness of tho arch in tho direction of tho 
normal. 

If tho end B is fixed, there being no rotation 
or translation there, then, r(daiiv(^ to .B, 

tho horizontal displacionumt of () 




’My 


IE 


uis. 


tho vortical (lis[)la(Kunent of (1 



M;r 

El 




t!u> change of slope of 0 



Those are tho fundamental o(iuationH (un- 
ployed in tho ajialysis of arelu^s. 

If tho (ukIh are lix(Hl oae.b of lh(^ tlinn^ 
iidograls, talum b(d.W(‘en Mk^ two (mds of 
tho arch, will lu^ zca’o. 

In tlu^ (Vise of n;n 'iroh with hing(‘H ah tlu^ 
ahutnmnis, aHHinning ilu'Si' do not niov<' 



where I is tho bmgtb of tlu^ ai't^h. 


Note in this (uih(^ j <le<^H rjot give tlu't 

relative vertioal diH[)la(!(mi(‘nt of tlu^ two <mdH, 
sitKXJ it (loos not allow for the rotation of tlu^ 


arch at tho tmd A. 

not represtmt tho 
two ends. 


Similarly, j ,^^dM do('H 
ehango of slope of ilu^ 
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(iii.) Dojormation- due. to Direct Tlirud anil 
t^hear, Tlio prcwiouH formulao do not allow 
for lilio (loforniatiion produced ])y tho 
H}iori(Mutig du(^ to tilio dinud ilinml or for 
(h^formatiion producod by nhear. Ju 
pnud.i(^jd oaHoH thcHo extra deforniataoiiH will 
b(^ (luit(^ Hinall compared with tlio deforma- 
tiou due to bonding, and they are UHually 
oinithnl. 

(iv.) Arch hini/ed at the Abut men In.— In this 
oaH('i, aw in tlu^ lawt, W(^ can detennine V,„ 
but- tlu^ Htaiic.al conditions of equilibrium will 
not enabh^ us to lind 11^. Wo Jni\ro to make 
Honu^ further asHuitiplion. Tho assumption 
usually made is that th<u-e is nt) displacement 
of the abutnuMits due to the application of tho 
loads to the anjh. By assuming tliis, wo can 
deii(M’miiu'i !!„ as follows : 

donshhu* tile (dte(d of bending in tho aroh. 
Jiave 



th(^ int('graiiion Ixung pc^i’fornnHl for the whole 
hmgldi I of l.lu^ a,rc.h. 

Now M 11,,// M', 

.'o 

.'c II 

‘‘Vo \lo 

Vv/FdKv 

or Uo : 

•'o 

Usually the inU^grations (iannot bo performed 
dirixilily, sincci M' and // cannot be (expressed as 
afuncdiion of ,v, but tho valiums of tho numerator 
ami (kmominator may be obtained graphically 
with snnieitnit ac-curaoy by dividing tho arci'h 
into a large number of ecpial small segments, 
a, ml by (inding the value of JVI'///Fl ami 
for eaidi sc^gimait, M' and // Inung taken at the 
middle of the segment. 

Having obtained th<^ value of 11^, we pro<!eed, 
as in the eas<^ of the three-hing(Hl arch, making 
us(^ of a graphical construction to (hdennine 
the lumding moment in tlu^ arch at each point. 

t s/' 'O’ 

and if d///d;r is small ev<M'ywh(U’e we may, as a 
elose enough a/j>proximation, write dn equal to 
(Du 

(v.) 4'lrr.//' mlhout //mf/fw, - In this case 
we (laimot, as in tlu^ previous case, write 
(V„ir diiaur) (xpial to the bending moment in 
a similarly loadixl beam, since V,, may have a 
<li(Tcu*ent valm^ from that of a similarly loaded 
beam merely supported at A and .B. Wo may, 


however, write =:(V/ + V,/'), where is 
tho vortical reaction at A of a similarly loaded 
beam. 

Fquations (1) become 

R cos - kS sin 0 - Ho ~ 0 \ 

R sin 0 + S cos /; +• F - V,/ == 0 [ . 

From tho fundamental ecpiations of tho 
arch, if tho length, asaiiming no yielding at 
tho abutments, wo have 



+ II„[ 


jfrom those wo may find M„, V'„, J-f^, and 
from equations (J) R, S, and M. 

Hero again wo may now construct a 
bonding moment diagram for tho external 
foreos and couples, with tho cxccq)tion of 11^, 
on a similarly loaded beam AB. liy choosing 
suif»ablo scales, the vcu’ticuil distance between 
the areh and the bending moment diagram 
for tli(^ similarly loaded beam will give the 
bonding moment in the areli itself. 

(vi.) .DJJeetn of Tiompcraiure (diamjen. — Jn 
the <!ase of the andi with, hing(^H only at tho 
abutments, and tlu^ arch with no hinges, a 
ehango of temperature will alTeet the stn^HHos. 

Let a be the ec(dlici(uit of linear expansion, 
t the rise in, the tiMiipcu-ature, and .L tho 
distarutc betweim tlu^ abutments. 

,lf the abutments were free to exjiand 
outwards, diu^ to the inerease of tenipcwa- 
turo, L would increase by a/.L. If tlu^ abut- 
ments do not yi(^ld, tlus amount of expansion 
has to bo priwcsiicd by Uiii additional bori/.ontal 
thrust IF at tli(^ abui<nieni and, in the case 
of an arch witliout bingos, by an additional 
moment M', and may be an additional force V' 
at the abutment. 

The bending rnomemt (M) at a sixdion of 
the arch, the eontro of gravity of wdiie.b is at 
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a height y above the ahntmGiits,/luo to tlio 
change of temperature, will he given hy 


For an arch without liinges, assuming no 
yielding at the abutments, we shall have 


(xiLi 






(is = 0, 


and 


— 0. 


Jo FI" 

Jo 

From these throe equations wo may 
calculate H', and V', and honco the 
stresses induced hy the change in tomi)craturo. 

If the arch is symmetrical about a vortical 
line through the centre of the span, V' hocomos 
zero and the second and third equations become 
the same. 

For an arch with hinges only at the abut- 
ments the second and third equations do not 
hold. M' and V' are zero, and M equals Wy. 
The first equation becomes 


atL- = 


H' = 


El 

cctlj 


f\y^/El)ds 

Jn 


As illustrating the application of theory to practice 
we will take a simple example. 

One span of a railway bridge built of circular 
arched ribs of oast iron is G2 fc(^t in length, with a 
^ ^ vertical rise of 8 The 

ribs are of uniform crosa- 
I - section, with the dimonaionfl 

shown in 48, and are 
hinged at the abutments. 
After erection it was found that in 
consequence of uneven Rottlomcnt 
the span had increased by 1 in. 
It was required to find the additional 
normal stress induced duo to this. 

The modulus of elasticity for oast 
iron may bo taken as 15 x 10® lbs. 
per sq. in. 

The area of cross-section will 
bo found— 71 -7 sq. in. The centre 
of gravity is 14-59 in. from tlu'i bottom of the 
section. The moment of inertia of the cross- 
section about a horizontal axis through the centro of 
gravity =*8850 in.b 

41) represents the centro lino of tho rib. 


Co 

Ig 

fr 


i 1 

Y 

..rf'x'g 


Fig. 

48. 


b.J » 


Fig. 49. 

L(^t H=«tho horizontal thrust at tlm abutments, 
and M tlie bonding moment in the arch duo to tho 
soitlomont, then M«aHy. 




The densreaso itx span 


> 

"li. 


b 

To find tlxLs \V(^ divicU' tlu’) h|)iui into lb <M]ual 
intervals and in(’'aH\n‘t') tiio value of // at the middle 
point of each interval. For tJi(‘ liall'-spau the valiu'S 
of y and are given in tlu^ tablr: Ixdow : 


Interval * . 

1 

2 

8 

V (feet) . . 

1 

2-7 

4-8 

10-6 

3 /® . . . . ' 

1 

7 -Jl 


4 

5 

(5 

7 

8 

r)-($ 

(5-5 

7-8 

7-H 

H 

814 

42-8 

! 

58-8 

(U 

84 


With sudieient aeeuraey we*! may take to 
e(pial d.i:. 


f/V.9=2(()4-h01-! 5;b;i 1 42-8 | 81-4 l lO-b 1 7-8 1 1) 
( ' 

'"115“ 


21(10 


II X 


2100x123 


ir>xio«x88r)0 


-- 15 X 10® X 8850 , 4. 

— Tka — lbs.»’’ ~ 15*9 tons. 

210 X 12® 


The sign is negative, hiuco tlu^ in encase of span will 
catisc n decrease in tho total thrusts at^ th(' ahtittncsds. 

The maximum stress clue to this will oeeur at (he 
middle, whore the normal pull will ('(pial 15-9 tons 
and the sagging bending monu'nt. will Ix^ 15*1) x 8 
ft. -tons. 

The normal teaxsion will jxrodnei* iii uniform tcnslb 
stress wpial (;o ir)-l)/7l-7 or 0-22 ton pm- h<|. in. 

The maximum sta-ess diu' to t.lu^ lu'udiixg will lu' 


(1) Tensile stn^ss' 


15-0x8 V 12 V M-bO 
8850 


t '2*51 tons piv H(|. in. 


(2) Oomprossivt' stuws 


15-9x8 - 12 
8850 


X 15-11 


''■^2-00 tons per sq. in. 

The settlomexxt produces a eomjxresHlve Hir(w of 
2-44 tons per sq. itx. at the top of th(x Hh, and a 
tension of 2-78 tons por st], ixx. at flux bottom of 
th(x rib. 

With tlux data availahh^ w(* may ('xa,min<x th<^ 
efieet of xi ehangtx of tcmpt-ratixin*. W<^ will tain* tht^ 
totjvl change of UuxxperxdxxiH^ 100" eoeHieitmt 

of linexir (xxpaixsioix for east iron 0-2 - 10 ® p(*r I" h\ 

Assuming the alxulmxents do not yithl, tlnx alm(,. 
m(xn,t thrust has got (lO neutrallHe an ('xpanaioii of 
0-2xl0”®xl()()x02x 12 in., Ic. 0-40 in. 

The (xhaixge of stre-ss indticcHl will l)e abouii otu'-hnlf 
the change due to the stdrtk'menfc. 


IX 

§(28) SiTHPWNsroM Riudoiw. The ordinary 
simple HUHp(xnHion bridge, wiih a llcxible 
roadway suspeiKhxd from the eabhxs, pr(XH(miH 
no spocsial difTienllhxs, aft the strcwH(‘H irv fixe 
striioturoH can readily be obtained by tlie us(x 
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of pure Hiaticw. With hik'Ii bn(ij 2 ;('is, howovor, 
vibration in r(\lativ(sly large, and they are not 
Huitable for luvivy moving loadn. To attain 
tlu‘ lUHU'HHary HtilTncHK tlio roadway in iiHually 
eari'ied on girderH wliicuh are HviHpended frt>m 
the (iahh'H. 4’he girdorw may be eoiitinuonB 
ov(M' tlu^ whole Hpan, or they may be hinged 
in the middle. 

(i.) (Hrdd)','^ hingoxl in the, Middle and at the 
J^hidM.— ln thin t^aHo it in iiaual to aHBume that 
the eables rc^tain their parabolie Hhapo when 
the bridge in loadtHl. 

JjOt H be the hori/.ontal component of the 
pull in th(^ on, bloH, V the vortical 



in th(^ HuHtHuiHion rodn. (lonHuler any flection 
KN. For the cMjuilibrium of the portion of the 
eliain AK, by tUtking inoinentrt about K we have 

H, X KH V.i« »T.at,-T.ira -T.:a.„ 

'Idle numerator of the right-hand side is the 
Ixniding moment, at diHtaneo x from the end, 
of a Htralglit beam nimilarly loaded to the 
luibh^H. Hence the curve of the cahlofl ifl a 
bending-moment diagram for a straight beam 
flimilarly loaded. 

In order to ofltimate the bending motnetit in 
tb<^ gird<u’H, we draw two bending-moment 
diagraniH, om^ due to the pullfl in the HuHiiending 
linkfl Ixdwoen the edibles and the girderfl, ancl 
tlu'i other duo to the loads on the bridge, 
inelmling the wiaght of the bridge ifcflelf. 
By graphi(uUly ad<Urig the two diagraniB we 
obtain the bending nmnuMit in the girderfl. 
d'lu^ to whudi the cable rojireflentfl the 

bcuiding moment diagram for the pullH T,, 
dV ete., ifl fixcul by the fact tliat there ifl no 
Ixmding moment at the centre. 

Ijidi ADB r(^[)reHont the (uihIc'iH, and let 
A(!FdI DIjB repreHont the bending moment duo 
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to the loa<lfl. dh<^ pullfl in the HunpenHiou 
linkfl will produei^ a hogging IxMiding moment, 
wh(U’(uiH tlu^ loads will produoo a sagging 


bonding moment. The scale of ACEHDLB is 
adjusted so that it passes through the mid- 
point 1) of the cables. 

At any point ¥ in the girders the bonding 
moment ia represented by the vertical distancso 

cm. 

The shearing force is easily found, since we 
know 1\, Ta, T"',.}, etc., and the loads. 

The stresses in the gird-ers may therefore bo 
found. 

(ii.) Oirdm hinged only at the Eyidn. — The 
full treatment of tins case is beyond the scope 
of this artiehv It will bo readily scon that 
the proportion of the load carried by the 
cables and girders roapectivoly will depend 
upon the stiffness of the girders. One approxi- 
mate method, which is employed, is to assume 
that the cabloa still remain parabolic in shape. 
The delloction in the cables at the centre is 
then oe-l ciliated in terms of the pull in the 
suapension rods. The deflection of the girders 
at the middle, duo to the applied loads and the 
])ull of the Huaponaion rods, is next calculated. 
By e( plating thoao two doffoctions the pull in 
the Huspiuision rodfl may bo found, and hence 
the external forcoa for the girders arc known. 

X. Torsion 

§ (20) OmaiTTiAR Shaft. — In considering 
the BtroHSOH induced in a prismatic member 
by j)uro twisting oouplca applied about the 
axis, wo shall deal only with the simplest, 
but the most commonly required caao, viz. 
that of a circular shaft. In this ease wo 
can, with a minimum of mathematics, 
dotormino the strossos. ConHxder a circular 
shaft fixed at one end and subjected to an 
axial couple of magnitude T applied at 
the other end. The ooiqilc at the fixed end 
will also bo equal to T. It follows, by 
flymmotry, that iilane acetions perpendicular 
to the axis must remain tilano. Sup]>oHO wo 
view any ])article first from one end and then 
from the other, it is obvious that there is no 
reaaon why the 
particle flhould bo 
diflplacod towards 
one en<l more than 
towards the othew 
(uid. Again it 
followH that a row Pio. 52. 

of particloH on a 

radius of a croHH-Hcctiou Indore twisting will 
alflo b(^ on a radiuH after tw'isbmg. 

View the shaft from the right-hand end, say. 
We might posHibly expect that a row of 
partielcH along a radius would be diH])lac(5d 
into a position auch as oba in Eig. 52. .If wo 
view the Hame partiiffes from the left-liand 
end we ahould, for the same reaaon, expect 
them to move into a curve, obUtf in Jfig. 52. 
iSinee there ia no reason wffiy the particles 
should be (lisxdacod into a curved path, with 
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tho curvature otio way rather than the other, 
wo asHUino that they remain along a radiUH, 
This hoing ho, it in ohviotm that there can bo 
IK) nlido between the Hurfa<!eH of eylhidrieal 
tuhcH of which wo may imagine the Bhaft 
built up. If ihcro xh no nlide there will bo no 
whoariiig HtrcBH, and thorefore a shaft built up 
of perfectly fitting tubes will have tho samo 
strength as tho solid shaft. 

(>)nsi(ler an indefinitely thin tube of radius 
r, and suppose that all tho twist occurs at 
one end, tho other end being fixed. 



Since each elementary slice of tho tube is 
subjected to tho same twisting moment, it 
is obvious that the shearing stress acting 
horizontally will be the samo at all points, 
and a line ah on tlie tube parallel to tho axis 
will, after twisting, form a helix ah'. The angle 
hah' will he the angle of shear (0). Now, 
remembering that 0 is small, we get 

(f)l=bb'=T . 6, 



where d is the angle of twist for a length I 

To determine the total 
resisting moment, whicli 
has to be equal to tlio 
twisting moment T, we 
divide the cross - section 
into an infinite number 
of elementary rings and 
integrate. 

If S is tho shearing stress 
Fig. 64. at radius r, wo have 
S = C.0, 

where C is the modulus of rigidity. 



If d is tho diameter of tho shaft, 
d 

T= pS.27rr2.(^r 
do 

i 

= cJJ^2rr^dr 

CJq 

p 7rd‘^ 

r Ji2’ 

Now 7r<i('^/32 - tho polar moment of inertia of 
tho cross-section, (-all it tf ; then wo got 

T 0 H 
J 


Those arc tho formulae which arc usually 
employed in tho design of circular shafts. 
It wili bo soon that tho formulae both 

to solid and hollow circular shaftH. 

In designing a shaft to traiiHniit a gi^'(ul 
axial couple wo have to (iiul a suif.nhlo 
diameter such that tho ttiaxituum sheaiiug 
stress which occurs on tho outHule Hlmfl not 
excood a certain amount, tho amount allow- 
able being determined by an expcrimcml on 
tho material to b(^ uh(u1. 

SuppoHo a Hlin.fi haH i.o irauHnui 11 horM(sp()W('r at 
a speed of N revoliitiouH per miimP'. Huh uu'uiih a 
twisting couple '!!!' given liy 

33,00011. 

If /is tho maximum allowable Hhearing HireHH, 

/ im 

JO, 33, 000x11 

d' > 

or 

In many oanoH the qucHtien of iorHieiial HiillucHH 
ban also to bo eouHidered in addiUou to tlie Ht.rengl.h. 
qquH in moaBiirod by tho angle of twiwt ]wv unit 
length, 6jl. 

^ 0 T 

I “(\)’ 

§(30) Hollow Siiafth.-- B earing in juind 
the fact that it in only fbe oufiHide of fJu' Holid 
shaft which can bo Hl'i’cHsed up to fho nillowniblo 
amount, it is oarfly hcmiu that (Hionomy of 
material will he o(Tocted by making the shaft 
hollow instead of solid, and fdu'ndiy radHing 
tho moan stross in tho material. Bor Hhafts 
to transmit largo eoujilos, and wlnu’c economy 
of weight is important, this is usually done. 
It can easily he shown tliat maximum saving 
is made when the shaft is of inlinito ra,diuH 
and infinitely thin. Th’aetical considerations 
of space available and mercamed size of Ix^a.r- 
ing required, etc., fix tho outside diameter. 
Another factor which has to he borne in mind 
in tho ease of very thin tnhes Hnhj<Mfle<l to 
torsion is that there will exist in Mie l.iihe 
a oomfiressivo stre^ss indined at '15" (,o (,Iie 
axis and otpial in intensity to tln^ slKMU'ing 
stress. This eomprossive sfress may <mimo 
mstabiliiy and wrinkling of the (,uhe. 

In the case of shafts Hnhjka'kal l.o (md tlirusl, 
and jioBHihly to hemling as well as (avisting, 
the method of superposition is (un ployed, and 
finally the maximum [irineipal stresses and 
greatest shearing stress are determined. 

XL f^TUFNnTii oif ChHOifLAit ( Ivlin ni<5iis 

AND SmimticH 

§ (31) TniN BnwLLH. ■ (lonsicler a thin 
cylinder which is Hubjcciied to a nnlfonn 
internal ilnid pressure p. If the ends tiro fixed 
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directly to the cylindrical body, and are not 
otherwise supported, the body of the cylinder 
is subjected to a circumferential, or hoop, 
tensile stress, and also to a longitudinal tensile 
stress. To determine the magnitudes of these 
stresses, which we may treat as being practi- 
cally uniform throughout the thickness, we 
consider a longitudinal section passing through 
the axis, and also a cross-section. 

If t is the thickness, and the circum- 
ferential and longitudinal stresses respectively, 
I the length, and d the diameter, for the 
longitudinal section the total push due to 
the pressure on one half equals pld. This must 
be balanced by the circumferential stress over 
the section of the metal, i.e. 2/^11. 

. f -Pi 


For the cross-section we have the total 
pressure on the ends equal to p{'ird^l4t)f and this 
has to be balanced by the total longitudinal 
stress equal to Trdtf^^ 

. f 

• • 2 4 ^ • 

The same method gives for the stress (/) 
in a thin spherical shell, due to an internal 
pressure, /=j3cZ/4i, where d is the diameter 
and t the thickness. Steam boilers are usually 
designed by means of these formulae, due 
allowance being made for riveted joints. 

In the case of the cylindrical shell, in which 
the pressure on the ends is carried by the 
cylindrical body, we see that the material at 
every point is subjected to three principal 
stresses /i, /g, /g, the third stress being radial 
in direction. On the inside tliis stress must 
obviously be equal to p, the internal pressure, 
and on the outside it must be zero. Since, 
in general, p will be small compared with 
A and Aj by neglecting the radial stress 
altogether we are only making an error of 
the same order as we make by assuming A 
and A uniform throughout the thickness. 

The greatest shearing stress, which is equal 
to Que-half the difference of the greatest and 
least principal stresses, will be equal to fJ2 
In tliis case we shall obtain the same result 
whether we design for 
the greatest principal 
stress, or whether we 
design for the greatest 
shear stress. 

§ (32) Thick Cylin- 
der. — ^When the thick- 
ness is not small com- 
pared with the radius, 
the variation of stresses 
Fig. 55. with the radius must 

be allowed for. Con- 
sider a small element of unit length parallel 
to the axis of the cylinder situated at a 



radius r, and subtending an angle dd a.t the 
centre. 

Let p and q be the hoop and the radial tensile 
stresses. For the equilibrium of the element 
we have 

pdd \ dr — {q + dq){r -f dr)d6 — q . rdd, 
i.e. p=r^ + q. . . . (1) 

We have now to make some assumptions, 
and firstly we shall assume that plane cross- 
sections perpendicular to the axis remain 
plane. This must be the case in long cylinders, 
except near the ends. Secondly, we wrill 
assume that there is no longitudinal stress. 
We have then the fact that the axial strain 
must be constant, i.e. 


or p-{-q = 2A, . . . (2) 

where A is a constant for the particular cylinder. 
From (1) and (2) we get 



rg+22=2A, 

i.e. 

^-2kr 

dr 

or 

A B 


where B is another constant. 
And from (2) we get 


The constants A and B are determined by 
the fact that q= -pj, the internal pressure, 
forr=ri, and q~o when r=r 2 . Substituting 
the values of A and B obtained for these 
conditions, we get 


and 


P=!Pi\ 


q=p^ 


' y 

\ /■ 


It is obvious that q is negative everywhere, 
and therefore p and q are the greatest and 
least principal stresses 

The greatest shearing stress 


This is a maximum when r is least, i.e, at the 
inside of the cylinder. 

Assuming the criterion of elastic breakdown 
is that the maximum shearing stress must not 
exceed a certain amount A say, then 


It is interesting to note that for a given 
value of / there is a limiting pressure for which 
a simple cylinder can be designed. This is 

3h 
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{divert by mfvking r, equal te inliiiity, whic.li 
makes '/?, equal to/. 

If it is desired to make a tube for an int(’inial 
pressure greater than /, the method of shrinking 
on one tube over another, or winding the tube 
with wire under tension, is cm ployed. liy 
both these means the inside {)ortions of the 
tube are initially thrown into a state of stress 
of the opposite kind from that [)r()dueod by 
the internal j)ressure. Spacic will not permit 
of the detailed cahuilations reepurod in those 
methods of construction. .J. vv. 


Struct UR RS, Sturnotif ok, discussed by the 
Method of Oimonsions. Sec^ “ Dynamical 
Similarity, The Prineii)les of,” § (40). 

Struts, Dohmulae kor Strrncftii of. See 
“ Structuroa, Strength of,” §§ (15)-(18). 

Suction Tubes. See “ llytlraulics,” III. 
§ (48) (iv.). 

Sulphur, Boiling-point of : 

])otorminod since 1B90 by ai gas- thermo- 
motor and tabulated. See “■ Tomj)era- 
turc, Realisation of Absolute Scale of,” 
§ (34), Table i) ; “ Resistance Thermo- 
motors,” § (3). 

Used as third fixed point for defining the 
temperature scale between - 40° and 


m OB -TEMPEItATURE 

• I 500" (■. and tlu'rc^fou^ sliudi('d (w- 

liaustiv(dy. S(‘(^ ‘‘ R(‘HiHtn,nc<' ddiernio 
moter.M,” § (15). 

SuiJUUIR, VbXRIATlON with IhU'lSHIIKK OK tiim 
I loILINd-POINT OK. S(H^ ” Rl^sistRIKH^ d’luu*- 

moineiters,'" § (5). 

Sui.pmiR Hoilino-i’oint Acpauatus, spoiuli- 
cations of, propoH(‘d by Mui'lltu* and Burgi'ss, 
to assist in obtiainiug sliimdai'd prael.iiu^ in 
resiHt.anee OKMunonnhicr calibrabioii. S('o 
” Kesistanco Tluu’momotm’S,” § (10). 
Sulphur Dioxide, IjAtent Heat ok Vapor- 
isation OK, detorminod by Mathias. Sec 
Latent Ih^at,” § (H). 

SUPEILSATURATION OF A VaKOUIL SoC 
” (riiormodynamie.s,” § (30). 
SURFAOF/rENHION, ApI’TJOATION OK DvNAMIOAL 
Similarity to. Sih^ “ Dynamical Similarity, 
The JTineiples of,” § (11). 

SuRFAOE Tension ok (hnivEo Surkaoes, 
Bkkeot on Oonoenhation and Diuillition. 
Sec Thermodynamics,” § (5*1 ). 

Surge Tank. Sih^ “ Hydraulics,” § (■!(>) (vhi.). 

Suspension IbiiDOios. Sec “Structures, 
Strength of,” § (28). 

Swiss State Railway Dynamometer Oar. 
See Dynamometers,” § (5) (vii.). 


Tacheometers. See “Motors,” §§ (L) to (12), 
Vol. ill. 

Centrifugal Pump and Pn^ssure Oaugii 
Pattern. § (5). 

Electrical ; Magneto generator typo. § (8). 

Magneto Generator. § (8). 

Methods of (Jalibration of. § (13). 

Resonance Instruments. § (11). 

Tandem Horizontal Gas - enoine. See 

” Engines, Internal Combustion,” § (8). 

Temperature : 

Absolute Constant-pressure Seale of : de- 
fined by the relation V - r„), 

where v is the volume of a given mass of 
gas at given pressure at tomiierature T', 
and ?j(, the volumes of the same mass 
at tlie same jiressure at the “ steain- 
})()iut ” and “ ieo-])()int ” respec-tively. 
See “ TcinperatunL Realisation of Abso- 
lute Scale of,” ( 1 1). 

Absolute (^)nstia/nt-volumo Scale of : defined 
l)ythe n^IatioriT MOO ^/(yqoo ™,?^i)AFberey) 
is the ]n’CHsiir(', of a givmi mass of gas in a 
given volunu^ at fpinperature T, Vo 

the j)i’(vssiir<\M of tin' sanu' mass in the same 
volume at the “ Htc^am-|)oint ” and “ice- 
point ” r(\sp('ctively. See “ Tcunperaturis 
Jtealisation of Absolute Scale of,” § (10). 


Absolute (his S(^al(^ of, on whii'h tlu^ 
temperature T is deliru'd liy tlu' n'latioii 
Ok :'p/’/R. S(H^ “ Tmnperaturi', K.ealisation 
of Absolute Scale of,” § (0) ; “'Plu'rmo- 
dynaniies,” §§ (-1), (22). 

Absolute or Kelvin '‘ITcrmodynamic Scale 
of: (lofiued generally by Hk'. (upiation 
1' ]/ Ifl ’ (‘ii/Qijii wlu^i't' Q .;4 aip tlu'i 
(piantiticH of luuit absorlHul and lu‘a(. 
rejeiited respootively at iiunperaifun^s 
and Tjj by a perfectly r(W(u'Hil)l(^ migine 
working through a Cai'iiot’s (‘yevL eon- 
sistiiigof two isotluMMiials at t«uii'p<s'atiUi*cH 
T, and T^ and two adiabati(’.s. S<'e 
“TlKU'inodynamhiH,” §§ (21), (22); “4\sn- 
I)(u*aturt\ Practical Si^ale of.” Deliiu^d 
also by the two IlximI and lupi’odueibli^ 
temperatures of : (I) on<» pompommt 
system, vv'ater. Pn^ssun^ : oiu^ stamlard 
atmoHplKUH^. Phasi^s in (Sjuilibrium ; 
lupiid and (uystallim^ (2) Tln^ om^- 
<iomponent systmu, waOu-. Pn'ssuiu ; 
one standard atmosplun’i'. Pluw^s in 
equilibrium ; liquid and vapour. Tlu^ 
(lifTerenee Ixdiwemi tlu^ “ ici'-poiiit ” and 
the “ st<Mim-poini.,” th(^ bunpcu’aturi's of 
(I) and (2) r(*speetiv(dy, is ealhxl 100", 
S(^e “ d’(Hnp(u*atur(\ Realisation of Abso- 
lute Seale of,” § (3). 
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Centigrade Gas Scales of : scales derived 
from the absolute gas scales of tem- 
perature in the interest of experimental 
precision and conveniences, since the 
ice - point has an independent value 
on each one of the absolute gas scales. 
The centigrade scales are defined by the 
relation or = thus 

making the ice-point 0° by definition. 
See “ Temperature, Realisation of Abso- 
lute Scale of,” § (12) ; ‘‘ Thermodynamics,” 
§( 4 ). 

Centigrade Thermodynamic Scale of, ex- 
perimental realisation of. See “ Tem- 
perature, Realisation of Absolute Scale 
of,” § (4). 

Coefficient. The ratio of the change per 
unit of any physical quantity to the 
change of temperature to which it is due. 
Thus coefficient of linear expansion 
= increase in length per unit length per 
degree. 

Cylinders, Pistons, and Valves, in Inter- 
nal Combustion Engines. See “Engines, 
Thermodynamics of Internal Combustion,” 
§§ (59) and (60). 

Entropy Diagrams for Internal Combustion 
Engines. See “ Engine, Thermodynamics 
of Internal Combustion,” §§ (11) and 
(38) ; ‘‘ Thermodynamics,” § (24). 

Errors in Measurement of the Mechanical 
Equivalent. See “ Heat, Mechanical 
Equivalent of,” § (3). 

Filament, Determination of, by the Colour 
Match Method in pyrometry. See “ Pyro- 
metry, Optical,” § (25). 

Gas Scales of, Comparison of the Different, 
for ranges 0° to 100°, - 273° to 0°, 100° to 
500°, and above 500°. See “Tempera- 
ture, Realisation of Absolute Scale of,” 
§§ (19), (20). 

Gas Scales of, Differences from Centigrade 
Thermodynamic Scale. See ibid. § (20). 

Gas Scales of, in Common Use. See ibid. 

§ ( 13 ). 

Hydrogen Scale of. See “Temperature, 
Practical Scale of,” {a). 

Introduced as a dimension in the disciission, 
by the method of dynamical similarity, of 
properties of bodies which depend on 
temperature. See “ Dynamical Similarity, 
The Principles of,” § (27). 

Measurement for Strength Tests. See 
“ Elastic Constants, Determination of,” 

§ ( 115 ). 

Measurement of, in Industrial Work, by 
thermocouples equipped with moving-coil 
indicators, forming instruments identical 
in construction with millivoltmeters. See 
“ Thermocouples,” § (7). 

Measurement of, in terms of Total Intrinsic 
Brilliancy. See “ Pyrometry, Optical,” 
§ (26). 


Measurement of, in Thermal Conductmty 
Determinations. See “Heat, Conduction 
of,” § (9) (ii.). 

Scales of, tabulated. See “ Temperature, 
Realisation of Absolute Scale of,” § (14), 
Table 1. 

TEMPERATURE, PRACTICAL SCALE OF 

Practically all measurements in heat involve 
a knowledge of temperature, and to that end 
the precise scale of temperature is of the first 
importance. 

In the early part of the year 1914 an attempt 
was made to arrive at international agreement 
as to the adoption of a standard or funda- 
mental temperature scale by the three national 
standardising laboratories — viz. the National 
Physical Laboratory, the Bureau of Standards, 
Washington, and the Reichsanstalt. The out- 
break of war prevented formal acceptance of 
the Centigrade Thermodynamic Scale as the 
“ international ” scale of temperature. This 
scale has been adopted in the meantime at the 
National Physical Laboratory. 

Lord Kelvin showed long ago the theoretical 
advantages of the thermodynamic for absolute) 
scale, and also that a perfect gas (Le. one which 
obeys Boyle’s law and suffers no temperature 
change when subjected to free expansion with 
no external work) would give a scale identical 
with the thermodynamic. The practical advan- 
tage of the thermodynamic scale is that the 
high-temperature scale evaluated on the basis 
of the laws of radiation is consistent with that of 
the gas-thermometer at lower temperatures. 

To promote the general use of the same 
temperature scale in both scientific and in- 
dustrial circles, the following alternative 
methods have been agreed to as a means of 
attaining a “ Practical Scale ” of temperature 
which approximates to the thermodynamic 
scale. A statement of the exact relationship 
between the two scales is deferred until a 
sufficient degree of concordance has been 
reached in the measurements. There is, how- 
ever, every reason to believe that the Practical 
Scale over the range 0° C. to 100° C. agrees 
within the limits of experimental error with 
the hydrogen scale of the International Bureau 
of Weights and Measures. 

(a) The Hydrogen Scale. — In the interval 
between 0° C. and 100° C. the Practical Scale 
is realised with the exactness required for 
work of the highest precision in the scale of 
the constant-volume hydrogen thermometer, 
having for fixed points the temperature of pure 
ice melting under normal atmospheric pressure 
(0° C.) and that of the vapour of distilled water 
in ebullition under normal atmospheric pressure 
( 100 ° 0 .). 

(h) The Platinum - resistance Thermometer 
Scale. — In the interval between the freezing- 
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point of mercury and the boiling-pthnt of 
sulphur the Practfcal Scale is realised with 
sufficient exactness by the platinum -resistance 
thermometer standardised at the temperatures 
of melting ice ( 0 ° C.), of the vapour of water 
boiling under normal atmospheric pressure 
( 100 ^^ C.), and of the vapour of sulphur boil- 
ing under normal atmospheric ju’cssure in a 
specified form of apparatus and under specified 
conditions. The temperature of the vapour 
under these conditions is to be taken as 444°*5 0. 
The temperature t on the International Scale 
is deduced from the resistance of the platinum 
thermometer by the formula 

whore = 100 x (R - Ro)/(Rioo “ ^o)> 

Ro, and Rioo are the observed resistances of 
the thermometer at temperatures fy 0 °, and 
100 ® respectively. The platinum of which 
the thermometer is made shall bo of such a 
degree of purity that the value of d in this 
equation shall not be greater than 1-52, and 
Rjloo/^o than l‘38(x 

The boiling-point of sulphur at pressure 7 ) 
millimetres is connected with that at standard 
pressure, 7G0 millimetres, by the formula 

-I-0-00080; - 760) - O-OOOO I7(p - 700)». 

A similar practical scale has boon adopted 
by the Bureau of Standards, Washington, and 
the Rciolisanstalt. 

(c) The Fixed Point firulv . — The Pnictiiial 
Scale is also realised witli sunicioiit (^xactneHS 
by the use of the following lixed points, in 
addition to the three fundamental points abovi^ 
specified : 

Tonjporai.uro on Uto Ooiitl- 
Kradii 'rii(\rTu<MlyuamItt HtuUo. 

lioiling-poiiit of 
Oxygen . 

Boiling-point of 
Carbon Uioxulo -78"-5 •P0'’-01fi0r> (p~760) 
-0''-00()()U1(2)-76())“ 

Freexing-poiuli of 
Mercury . . -88‘'-8S 

Transformation 
point of Hodiuiu 
Hulpliato . 32'’-8.S4 

Boiling-pf)int of 

Naphthabmo . 2J7"-i)8 -|-O‘’-0r,H(/>-760) 

Boiling-point of 
Bonnoplimione 

(pure) . . :}05"-0 -Mf’-OdSO) - 760) 

Molting or freozirig point of — 

Antimony 680“ 

Hilvcr (in a rodneing atmosphere) . 0(51" 

Gold K)(5Ji" 

OopperCin a r(Mlncnig atinosplun'(s) . 1088" 

Fixed }>oiutH of the socumd ord('r are f)ro- 
vidod by tll(^ melting or freezing points of-- 


Tin 281 "-84 

(/adiiiiurn 81!0'M) 

;^iiic -1115"./! 

(Jominoii M;d li (pure) . . . 8(fl" 


According to th(^ official notice of the 


182“.05 4-0"-012r>8 (p-700) 
-(r-0000070(p-700p 


Rpiv}umnM(iU>7jHt<^.y / ndn()nvnU\nk\y 19 1 b, xxxvi. 
20 , R,oo/R() 

must not bo gnMitiu' than wlum the boiliug- 
l)oint of suli)hur is talaui as 

4‘l-l-6r) +0-OOOH(i> “ 760) - 0-0()0047(2» "• 760)". 

TEMPFHATITK,K,‘ RFAhlHATlON OK 

absoiajtm soalk ok 

1. Tiompbiutuhi': SoAinw 
§(l) Definition of Tkmi’Kratiiiu-i. - Not- 
Whstanding the facd- that- i<Mni>cM'ai.ur(^ is 
ono of the oldest and most familiar (uuuu^pts 
of physics, it is only within (8>mpa.rativ(4y 
recent times that ihis c.oncc'pt has be(m 
subjected to carcvCul analysis and <lelinition. 
Kelvin and otluu’H have shown '■* bow tem- 
peratiiro may be (h'llinc'd in terms of the 
availability of energy, and the (l(4inltion 
nuido wlullly indepinideiit of any ])r()p(n‘ty of 
any substamsi^. 

This delinition may bo put in the form 

in which 0^ and 0^ are two diiTerent itinnpera- 
turos between wliich an fih'al engiiu'i has 
operated (as, for examphs with a ( ’arnot cychb 
in converting ih<> (piautlty of lu^at Q.i into 
mechanical work. 

§ (2) MEAHiritlOMMNT OF TeMPFUATUIMO- 
MAUNITUDEH.-- It .ba.H luHai HUgg<‘Ht(Hl (HI) 
that tlu^ expnwsion 



where 0 is tennperaturo and (/S is Ou^ 
inlinitesimal change in (ditropy '* corresponding 
to the absorption of ilu^ IumU- (Mungy dQ. in a 
leversible procu^ss, be mad(^ to (h'lim^ t(‘m[)(U’a- 
turn as a derived or stKiondary (pianlily, in 
terms of energy and (uiiropy as t.he fimda,- 
mental concepts, ^’he usual tiuddiod, how- 
ever, and th(^ oiu) we shall Follow luu’e, is 
to considtw (mtropy as a dcrivc^l (pianl/ity, 
and temfierature as om^ of lb(5 funda mental 
eonc(T)tH. 

Temperatun^ dillcrs from (uuu'gy, huigtli, 
mass, (^tc., in Ixnngan “ int(disiv(' '' inagnii.udc', 
whereas emu'gy, l(Migth, mid mass arc (Lxl><‘n 
sivc ’’ magnitmhw, i.e, arc a(l<litlv<\ To pnl> 
our encrgy-definiliion of tmupiuntun^ inio 
usabh^ form, tbondorc, it. IxMMjim^s iKsx'Hsary 
to assoeiaie it with a continuous <'n(n'gy''chang(^ 
in some form of maltin' wlum that form of 
matter Is subjectnd to (ffiange of bunpm’atnre 
from one arbitrary standanl value to another 

^ Tlu' arable mimbcrs la pannithuHlH la the ti'xt 
rcfiT to th(^ ItihUography at the cad of tlic iirthdc. 

® For full (liHcuHslon Hct\ llic article on "TTiermo- 
(lynamlcH." 

“ For a (Icllnldon and dluruHslou of enlropy see 
“TTicrmodynainleH,” fi (21). 
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ju'hiiniry Ht/andard valiK'. HMio inoaHureinent 
i'h not ijdhunHKHi by tbo form of matter choHon. 

§ (;i) Adoption ok Numiohioad Unit. Tjik 
^ riirutivioDy N AMio lycAijM.— '^riic Jirwt problem 
iH the liiiding of Htnudard rei)rodueil)le tem- 
I)(M‘atur(^H for adoption an Htaiidard valinjs. 
A and reprodueible tenipcrature in 

detcM'miue<l only ii we have cq^nilibrium ^ 
arnon^ Ml 2 j)haHeH in a HyHtom of n 
oompoueniH ; or among 'n i .1 phaHes if the 
pi’cvsHure jh IIxckI ; or among n ]>hases if 
th(^ j)reHHuro and oiu^ eoncentration are lixed, 
(d'C.. Krom the imnnaiHo number of nuch 
poHHihh^ H.yHtemH, each having a fixed toinpera- 
tur<% tluMT'i lniv('i b(‘(m Helee.tc'id, l)y oonunon 
(‘onH(ad', two HynteniH for UH(i in the definition 
of the unit of teinixnuture ; they are an 
folio wn : 

(i.) 'riio oiKw eomj)onent Hyntem, water. 
Ib’i'HHure : I Htaiidard atmoHphero. PhaHes 
in (‘([uilibriuni : liijuid and (U’yHtalline. 

(ii.) The one * (uimjionent system, water. 
PreHHure ; 1 standard atmoHjibore. iduiHos in 
(Mjuilibrinm ; liquid and vapour. 

'‘Pho lix<‘d tmnpm'atnri^ of system (i.) is 
usmilly eaiUxl “ tlu^ iee-poinl.,” and that of 
Hysl.<mi (ii.) ‘‘ fbi‘ Ht(‘am-()oiid.'’ 

'Idu' d'ijjvrrurv. Ixdvvi'en tlu^ temperatures 
(i.) and (ii.) is, by gmioral agnamient, tudh'd 
100", and the magnitude of a degree of 
tmnperature is tlnwidiy delined. 

It should be noted at this point that the 
arbitrary uHsigiinumt of any number, siudi as 
0", fa> temperature (i.) is not within the scope 
of th(' dedinition. ’’.Plni temperature of point 
(i.) is a eonstant of nature ” to be experiment- 
ally d(di(U‘nuned. If this tempiwature bo called 
Oq, then the tmnporature (ii.) is /i(,*|-100. 

ddiis scale of tcunperatuns may be called the 
abmluU) thvrmodynaunc mtle or tlic Kdnln 
Uierf/iodynaniic. mile. Torn (leratn res exiirossed 
in tiM'iuH of this sinde are freipiently indicated 
by fb(^ h'iku’ ,K, or tlu^ abbreviation A/m. 
Mefixirologisls use a. 

§ (‘() Mxpdiuividntal Kicalihatiok. Tuw 
(bfiNTKUtADI^ TlIMItMODYNAMlO SUAIiK:.-—.! lav- 
ing our concept of a scale of i(Hup<M*ature thus 
Hatisfaetorily defined in terms of the laws of 
energy, and our unll; of measurement defined 
hy the adoption of the imdting- and hoiling- 
poiids of watm* at at.mosplieric pressure as 
arbitrary standard f.emperatureH differing hy 
100" (but without mimoriiial values), wo arc 
fa(H^ (o face i\'ith the fundamental praetii^al 
problem of tlu^ iHxpmumental realisation of the 
sixths ddiis problem evidimtly consists in 
(hdormining (i.) tlu^ value of the temperature 
; (ii.) the variation with temxieraturo of 
sorm^ property of some substance or object 
which may then ho adojdod as a worldng 
standard. 

^Ph(^ determination of the nunuu'ieal value 
* Hee article on “Iduiws llulo,” Yol. IV. 


of 0^^ is a matter of some experimental diffi- 
culty. Fortunately, the progress of exact 
therniomeiry m^ed not wait for this determina- 
tion, for we can deliiie another scale thus ; 

This derived scale is called the centigrade 
thennodynamic mile. Toni] )crat urea thereon 
are iiulicated “ by the letter C. Tlio ice- 
j)oint becomes on this scale exactly 0 hy 
dePmition. 

The experimental determination of the true 
value of 0^y will he considered elsewhere. 

The second jinrt of our experimental jirob- 
lom, as lias been said, consists in sidccUng a 
particular property of a particular substance 
or object as a w'oi'king standard, and determin- 
ing the variation of that j)ro})erty with 
temperature. Ijogically, it makes no dilTer- 
onee what property or what substance is 
studied, provided the quantities of energy 
involved are determinable. 

§ (5) Thw Iddad (Us-TiiDUMOMETiCR. — Prac- 
tically, however, the substance chosen Juis 
been, almost of nei^essity, one of the so-called 
"■ jiermancut gasi\s,” and the projierty (dioscn 
has b(Hm either the pressure or the specific 
volume of the gas. ^.Phe exjierimental a[>pa- 
ratiiH for measuring this pressure or s])ccifio 
volume eonstitute what is generally known as 
the “ gaH-thermometer. ” 

The reason why wo turn to these jiarticular 
substances and jirojimdies is found in tho 
simple relation which holds very nearly between 
tho pressure, specific volume, and temperature 
of a “ permanent ” gas wIkmi the temperature 
is that already defined (Kelvin sealer). This 
relation is oxxu’osscd in tho oexuation 

•pv^-kO, 

in which p is xiressuro ; sj[)ccific volume ; 
f/, temperature ; and k a constant. An 
“ ideal gas ” may be defined, for thermometrie 
purposes (15), as one which olx^ys this law at 
all values of y;, and 0. 

It is important at this ])oint to recall that 
our initial nKuisurcmeulH with the gas-thormo- 
meier t(dl us nothing about whether tho gas 
in (piestion obeys the law pv-^- kO or not. 
Only measurenuuits of the energy-relations of 
tho gas can givi'i us that information. .But 
since such measurimumts involve the measure- 
ment of temperature, it is evident that tho 
realisation of tho tem])oraturo sc^ale is logic- 
ally a jirocoHH of Hiuseessivc approximations. 
Practically, the first approximation is sufli- 
chmt, HO nearly do tho gases (commonly used 
in gas-thormo meters conform to the “ ideal ” 
behaviour expressed In' tho law pvr.-kO. 

» As ordinarily louployiu! f;h(^ Hter (1 may indicate 
almost any Hcah'" “merciiiial, normal liyilroiJien, 
conKtant-preHSUre nitrow'U, (d.c..- "Wliicb a|)i)roxi- 
mates to tlie centlgradi^ trluTinodymimli* sc'ale. Its 
current use is not as iinadse as it stiouUi Do. 
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§ ((>) The iDliAL-UAS ” Thekmomioteu.— 
IjQt US su])i)oso that a scries of energy and 
pressure moasurcinents have enabled us to 
iind a gas ■which, within our working range 
and within the limits of accui’acy of our 
observations, conforms exactly to the i*elation 
'P'V^hd, This gas may then l)c used, within 
that working range, as the standard substance 
of our fundamental thermometer, and wo shall 
have what may be called an “ ideal-gas 
thermometer.” 

§ (7) The “ Perfect ” Gas-thermometer. 
— Let us suppose, on the other hand, that no 
ideal gas has been found as the result of our 
series of approximations, but that wo liave 
succeeded in determining, within our working 
range, all the deviations of one particular gas 
from the relation -pv—kd. Tliis gas may then 
be used, within this range, as the standard 
substance to define the tomporaturo scale, and 
our pressure or specific-volume measuring 
apparatus together with a table of these 
pressure or volume deviations will consUt.uto 
what may be called a “ poHect gas-thonno- 
meter.” 

§ (8) The Actual Gas-thermometer. — 
Historically, neither of the above-mentioned 
thermometers has been available at any 
given era in a form possessing the desired 
precision. Either the margin of error within 
which a gas could be considered “ ideal ” 
was too large, or the margin of possible error 
in defining a temperature with our imaginary 
“ perfect gas-thermometer ” was tot) large, to 
be in accord with the known proedsion of 
various secondary thermometers. 

It has been found expedient, therefore, not 
only to make the first compromise, already 
mentionod, of ad()])ting a “ centigrade thermo- 
dynamic scale ” (with ice-point at 0®) in place 
of the “ Kelvin , thermodynamic scale,” hut 
also to make a second compromiso witli 
experimental oxpcdiciu'-y, and redefim tempera- 
tura in terms of an arbitrarily selected prt>|)erty 
of some arbitrarily selceliod gas at an arbitrarily 
selected initial pressure. This compromise is 
the more satisfactory the nearer the gas in 
question comes to being an “ ideal gas.” 

This compromise, it may bo noted, is of 
exactly the same character as those made in 
(leiining any working standard or unit (for 
instance, the clectri(uil units) whore expert- 
‘mental precimoa is the primary coiiHidoratiou 
and logical] theoretical exactness is made 
HC(!oiuIary. 

§ (h) d’riE Absolute Gas Boaleb. — A cicord- 
ingly, we will dehne a new tomx)orature, 'J', by 
means of tlio relation 

i.c. 

It is obvious that this definition, unlike those 
that have precedtHl, involves three further 


choices, necessarily arbitrary in eharaet(B’ 
and di<‘.taf.ed by (‘xpediemey or <'X|)('ri(Mi(‘{K 
(i.) what gas sludl be used ; (ii.) wlieihor p or v 
shall be the variable; (hi.) whaii sludl b(' tlu^ 
initial value of p. Evidentily we may liav(^ 
several times as many sc^ak's as we l\ave 
gases. 

Certain fuHher assumpfJons are n('e(‘Hsa,ry 
to give nuBUM’ieal valiu's to any one of tlu'se 
scales ; in other words, it is lUHH'Ssairy to 
assign a value to //. As before (si'e § (3)), 
the temperature interval betAV<Hav the iee-point 
and the steam-point will be (udled lOO'*, ddiis 
will he adoj)ted for afl of the ga.s scales. 

§ (10) Absolute Constant- volume SoAia'i. 
— Let a certain gas bo seleeb'd, at mi initiial 
])ressure (i.c.. pressure at the iee-poiut) n^pre- 
seutod by p,^, and let prensurn bo the propcady 
to be measured. 

Lot represent the lu’essure of the< same 
mass of the gas in the same volume at the 
steam- j)oint. Let p nqiresent its pressure in 
tlie same volume at any other temjierat.ure T. 
Call the iee-point and steam-point on the new 
scale To and T^oo reH])eetively. 

Then, by tlio dotiuitions above, o and // 
being constant, 


whonoo 


T __ p 

Tq Po 


T 

and rn =■ 


T-(T,oo-To)- 


Pim 
KlOp 


Pm 'Po Pim Pi) 


AnotlHM’ similar “ e.onstjint-yolume ” stude 
may be deliiu'd with the same gas, hut a>t some 
other initial pixsssure. Btill oUuu’ similar seafes 
may be obtained by substit^utiug other gasc's. 

The scales so delim'd ealhal, according to 
the gas used andaee.ordingtoitsinitiul pri^ssure ; 

Absolute constant-volume hydrogen so, ale 
at initial pressure x. 

Absolute constant-volume nitrogem scal(‘ at 
initial pressure x. 

Absolute (ionstaut-voluiue aii’ scale at initial 
pressure x. Ltc., etc. 


§(U) Absolute (V)NSTANT-iMiESHUiM'i iSoale. 
— Again, let (Hudain gas be sidi'cted, jd. an 
initial pressure (at tlu' ic(‘-point,) of p,,, but 
lot nperl/ie. rolame be taluai as the vnahUile 
jiroperty to be uusisunsl. 

Let reproHiait ilie HpCHa'Ih? volume of the 
gas at tile steam -point. Let v repixwait its 
specilic volume at any oth(U’ temperature T^ 
Gall the iee-point and the sUsim-point on the 
new scale To' and ^r,o(>' r(‘Hp(H'.tiv(dy. 

Then, by Uu^ thdinitions, p and // hchig 
constant, 

fn t and ,.p f , 

•' 0 '^’o * 1(10 

whence 


r,v 




T„') 


'koo 


lOOa 

'^hoo 
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Siniila-i* “ aoiiHtanl'.-preHHuro ” kcjiIoh iiiay bo 
(ic'IitKMl wiMi t.ho Haino jj^aw at Homo other 
proHHoro, ()i‘ vvii.h otlu^r ga.HOH. 

'J’luvso H<*.a.l(\s ad’o eallod, aooordin^ to th(^ 
pi, 4 UHial and a,o(U)rduiji>; i.e itn proHHuro : 

Al)4oluio oonHtaiit-i)r(^HHuro hydro^jfcti Hc^alo 
at pnvsHure x. 

AI)Holuto oonHtant-proHBuro nitrogen scale 
at pr(\4Hm’(‘ .a 

AhsolnU’i constaniz-jiroHsuro air scale at 
j)r(Hsnre x. Eto., etc,. 

H vvill \h) obHcrviMl tha,t tlio value of 
(or M\/) is noil tli<'. sanu^ on any two of thi'iso 
H(‘.a.U‘H, l)(‘ing <l('p(Mid<'nt on the properties of 
tilu^ gas. On one of the eonstant-voluino 
H<ial(^H, for insiianecs the value of '1\, is givcMi 
li.v l(»0/, y,„) ; while on a (^onsiiant- 
pi'(\4suni s('al(^ iih(^ valine of T,/ is fiKh’o/(^’ioo 
The va,lue of E,) (or T,/) iloes not clopart by 
ni(»re i.han I*’, in most cases, from 273". 

§(12)hhiM Okntkiradic (L\h So.'Vnios. A 
Huli-eompromise similar iio that in paragraph 
(‘I) is now in ordcu’, again in tlu^ inbu’esl, of ex- 
pia'imeniiail pr(''eisi(ui aiiid eonveni(‘nee, since, 
as W(^ hav(^ just H('en, h\, (or h\/), tln^ ice- 
point, has an ind('p('ndiMd vahn^ on en,(‘.h oni^ 
of IJu' aibsolute ga,s scali's. XMiis compromise 
consislH in (Udining a dorivod scale by the 
relaliion 

/ly 3^0 <)I' fp ■ ‘ 

thus making the ic(vpoint 0" by dciinition. 

^riu'i sealoH HO defined arc^ called, according 
to (1) iihe variable, (2) the gas, and (.3) the 
iniiiial pre^ssun^ : 

(\Miiigrade e-onstant-volume hydrogen scale 
at initial pn'ssure x. 

(kadiigrade c<mHtant-pr<^ssure hydrogen scale 
at pr(^ssur(‘ x. 

(l(ad-igt'ad(‘ (uaistant-volume uitropui se.ale 
at inifiial pressun^ x. 

(tmtigradi^ <M)nsi’ant-i)ri^Hsure air se-ale at 
pr(‘HMui’(^ X. Mill., (d,e.. 

''.riieH(^ Hcailns (lider among themHolves by 
amounts vvhieli are u(W(U’ of importamu' 
industrially, but wlncli are approximately 
(hderminable and of eonsiderable siguidcaiieo 
in exae.t seientilic work, as we shall see later. 

§ (13) (}ah Soaliw jn (Common Usic.-—'rhe 
sbiti^ of int(U’national agHHumnd. on tempora- 
iur(^ Hcah'H is not so far advam^ed as is 
agHHummi. on Hi,a,nda.rds of lengt-h, eleetric.al 
(piantiti('H, ihi(^ A e.onferemie b(d.wo(ni n'pr<'- 
sentatives of varions nai-ional standardising 
laboratorii's, i/o dra,ft an inicrnai/ional agrc'o- 
ment on tempiu'atun^ scales, had been cailcHl 
for Meptemher IDM-, but was prevented by the 
()utbr<Mik of war.' 

31ie only ofrunally recognised international 
H<ud(^ is th() v<\utl{]rado> hydroffen 

Hcak at a a inilUil premire of 1000 nim . nifmmp 
‘ See “ 'rcmucratiUH^, Practical Hcalc of.’* 


adopted by the Jnternational Committee on 
VVeiglits ami Measures on Ocdiohcu’ 15, 1S87, 
and known as the “ normal hydi'ogcn scale ” 
(vchdle tkarnioaK'trlquo nonnalo). 

At tem})eraiures below 0" the normal 
hydrogen scale and the c.entlgrade rontiiant- 
voUinie hdiuia ,^r.ale at in itial pmwnre of 1000 
mm. have been most used. P'or very low 
tem])eratai’es it becomes necessary to use a 
eonstaiit-volume helium scale at a much lower 
initial pressure. For toniixn-atures above 100" 
the scale which has been in widest use is 
tlio cotmtamt-volume nitrogen scale at an initial 
jnuissura of about 500 inm. 'mercury. 

§ (14) 1 NTUHtiOMrAIUSOJ^ OK TUK CIaS SoaLKS. 
— 'rilore are two ways of comj)aring the 
dilleront gas scales with oa(‘,h other, and 
detcH'iuining the cauToctioiis to he usial in 
translating experimental data from one scale 
t(i another. 

One way would be to put the two gas- 
therniomeiers side by side into a thermostat 
at uniform temperature and compare their 
readings, setting the thermostat at various 
bunpiwatures. Suppose a constant - volume 
hydrogmi thermometer at initial ])roHHure 
1000 mm. placed in a ilu'rinostait si(l(^ l)y side 
with a c-onstaiit-volume nitngim thermometer 
at initial pressure 500 mm. The pressures 
might read, say U83vl32 mm. ami 591 ■70() mm. 
reH])eetivoly. TJie t(mif)eraturo of the thermo- 
stat is therefore; defined by the first thermo- 
meter as 50*0012" and liy the second as 
r)()*0027“. correction for translating data 
from tlio first sc-alo to i/ho second would be, 
theroforo, ^P 0*001 5® at 50". 

This method of direct comparison has been 
used more frenpumtly at tompeauturos below 
0" than at tem])oraturos above 0". 

The so(5ond 'method is indinmt. It consi.sts 
in dotormining the di;i)arturo of oiu'li gas, 
under the givenx conditions, from ilie id(;a,l gas 
relation pv - kO. It is obvious that from such 
a set of daiia tlu^ dilTorom^es bctwiam ilu^ 
centigrade-ilna’inodynamic tem[Ha*ature of i/he 
tliermoslat, Id, and its various centigrade 
gas-Hoalo temperatuivH, 

t^ ,,, 500 * etc., could naulily be tabulatcul, 
and the differenee^ bedwenm any two of tin; 
gas scales could be; fouinl by subt<ra,etion of 
their eumtigrade tlna'inodyiiamic (‘.orreetions. 

This is the method of eomi)ariH()n upon 
which d(;pen(l(mee is now very gemu’ally 
placed, hut tla^ data iluiH far pnljlisluHl are in 
many en,ses umbdy divergent, ami afford little 
ground for confidimtu; llial) a final solution is 
within roae-h until considerably more ex))eri- 
mental work has been done. - 

Tntercomparison of tlu'i gas scales will bo 
more fully considered in l^irt III. (17). 

For c;onvenien(*,e of rehauauH; iluax; is addinl, 
in Tabh; I, a list/ of the more commonly used 
scales. 
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fRMjuotiUy callcHl tlio '''■ (UmuI HpiU’C or un« 
IL Forms o’f Gas-thermometer hcatod Hi')ao,o.” ^ 

§ (15) Wo have soon that either pressure or The ossential i)ai‘iiH of a, gas-tliernionu'tHr of 
sncciac volume of a given gas may be taken typo (ii.) are: {a) ilu‘ ball); (/>) the mano- 
as the property to bo used in dciiniiig a meter; (r) the, arrangiMuents lor nuMisuring 
temperature scale. Throe limiting forms of tlio amount of gas withdrawn from i-he hulb.^ 
tho gas-thennomotor for carrying out such Any actual gas-Uicrmomct(‘r m to a c(Mlam 
measurements may bo distinguished, (lepeiuling degree a eombiindiou of two or more of the 
upon which of the throe cpiantities — mass, limiting typos. The volume of the (ujtdnining 
volume, pressure — is permitted to vary, vessel is never eonstnnt. with ehanging tem- 
These forma arc : ])crature, but varies on ae<'onnt ol tluM'inal 

(i.) The thennome ter with fixed mas-s of ga,s, and elastic expansion. The mass of gas 
fixed volume, and variable pressure ; com- which is at the icutpxu'aiure 0 is not^ alwjvys 
inonly known as the “constant-volume gas- constant, for ehanging presstire forceps some 
thermometer.” of it into or out of the tube that eonneeis the 

Taulw 1 

KXAMPLlflS OF TUMmiATURW SciAUEH 


Absolute thermodynamic scale or Kelvin thonno- 
dynamio scale 

Centigrade thermodynamui scale .... 

Absolute oonstant- volume hydrogen scale at initial 
prosaui'o 1000 mm. 

Absolute constant-volume helium scale at initial 
pressure 1000 mm. 

Absolute constant- pressure nitrogen scale at pressure 
1000 mm. 

Absolute constant-volume nitrogen soale at initial 
pressure 500 mm. 

Centigrade constant- volume hydrogen scale at initial 
pressure 1000 mm., or “ normal hydrogen soale ” 

Centigrade constant- volume nitrogen scale at initial 
pressure 600 mm. 

Centigrade constant - })rossuro nitrogen senh^ at 
pressure 1000 mm. 

Centigrade constant- volume helium scale at initial 
pressure 1000 mm, (proi)o8ed “ interuatioual 
helium scale ”) 

Experimentally determlne<l 

(ii.) The thermomotor with fixed prcHSuro 
and Axod volume, but variable mass of gaH ; 
commonly known as tho “ (U)nstaut-pros.Muro 
gas-thcrmomctcr.” 

fiii.) The thermometer with lixod mass of 
gas, fixed [)roHHure, and variable volume. 

The propeity uKuisiu-ed in typo (i.) is 
tho pressure of tho gas ; in types (ii.) ami 
(iii.) the spoeific volume of the gas. As 
already mcubioiuMl, slightly diiTtu'cnt weales 
result from using the gas at cUlTerent initial 
pn^ssures. 

For rensouH of experimental eonvemieneo 
type (iii.) has never been used, because of 
tho difiiciulty of measuring' a variable volume 
at totnporaturcH cjonsiderably dilTcrent from 
atinosplicric. 

The eHH(M\tial f)arts of a gas-thermometer of 
type (i.) are : (a) ilu^ eontaining vessel or 
“ bulb ” ; (h) the manometer ; (e) the tube 
connecting the bulb and tht^ manometer, 


Abbreviation. 

Symbol. 

Ie(‘-point. 

K 

0 

27:M0 1 Odifi*** 

0 

‘o 

Of 

•• 

T T or T 

*■ 11 , loot)’ “^n * 

i>7a-oa 1 o-oa’’* 


*^110, 1000 

27adi l o-oa*** 


T' 

N, 1000 

272 -a-l I ()-05‘'* 


•f-V, M)0 

272 '(la 1 0 '<>.'» * 


^II, V, 1000* ^1 ^ 

Of 



ot 


''N, r, liOO 



^N, i), 1000 

ot 


hh«, a 1000 ^llr 

Of 


t Deiliu'd. 


eontaining V(»HHeI witli llu^ imu»om('i(M*. Tlu‘ 
pressure is ixovov (u)MHtjini. with elmngin/,^ 
te!n|)erature, oti aecotmt of tlu' lUMM'SHity of 
adjustment, and must nJwjiys be, immsunHl 
to aseertain itfS (hwiatloim from <“oiiHtuney. 
All these variations, how(»ver, of the jud tirt^ 
of eoiTeelions seldom exeeeding I p('r e(ud> 
St) that it remahiH tnu' (.hat any actual gas- 
thermomehu’ eonforiUH fairly elostdy to one or 
otlier of the limiting types. 

Ji(lfi) KiEHATIVE AnVANTAOEH OE THE TWO 
BRlN^HPAh n’vuEH. ' If We Were (hiding with 
an ideal gas thewe wotdd l)e no theondhud 
a<lvantage in any one of (.hese thnx) limil.ing 
types of gas-thermouieier over the other two, 
ami the choice would become sohdy a matter of 
oxtKirirmmtal eonvenienet' and |>rtHdHion, 
bVom this sUndpoird. type (i.), tlu^ “ con- 
stant-volume thennomei(U‘,” is g<mcra!ly ad- 
mitted to hav(‘ tli(^ advantag(s and has beem 
‘ “ Espaco mUslhlc,’ “ schadllcluT lUuim," 
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l»y iiiosi invuHii^jitorH. Hw manipuUi- 
(ion irt Hiiu|il(‘, rcMiulrin^ no l.mnHft'i* of gaa or 
in<.NiHur(Miuint of t.ho amount traunfoiTCHt. 

lu dealing witli a gaH whidli us not idea! ” 
vvf) have to eouHidev not oidy experimental 
eonvoiiieiuH^ and piTMUidou in the gaH-thenno- 
nuder itnedf, hut- tlie Htate of tlio Hcienco as 
r(‘gar<lH the aeeuraey of our knowledge of tlic 
dt'iviaiiouH of tln^ gvas from the law pv^kO, for 
our goal is first the eimtigradc thermodynamie 
seale and ultimately the Kelvin thermo- 
dyuaniie scale, and our compromise on ike 
various cumiigradc^ gas scales for reasoiiH of 
(ix p('i’im(’'Utn,l prc'.cision is to ho regarded as 
(mly a passing stag(^ in thermometrie ])rogrcss. 
krom this standpoint type (ii.), the constant- 
pn^Msure tluM’inometer,’' has been shown hy 
Buckinghaju (1*1) to have a slight advantage 
at lh(‘ monu'iut, for the correc.tions necessary 
to translate readings on any of the constant- 
prx'HSurx^ gas scales into temperatures on the 
lumtignuh^ tluuMuodynamu! s(uile are a little 
moi'c at’ctirately known than the (lorresponding 
<)orr(Hitions for the constant-volume scales. 

111. Basic Kxpmuim kntau Rnsui/rs with 
(Ias-'I'ukumoivimtkiim 

^(17) lOxPKitiM lONTAO HiANcns.'- dn dealing 
wllih the results of (^xiHM'inumtal investigation 
in gas thermonudiry it will frequently ho oon- 
veni(Mit to rtuiognise that the subject naturally 
divides itself, both historically and ])racUoally, 
a(K'ording to the kind and extent of oxj)ori- 
numtal facdlities and experieru'.o necessary to 
r('aiiK(^ dillorent porti(mH of the tetuperatnro 
sealo. d'ho most eonveni(Mtt range for oxperi- 
nuMit^al work is that from 0'^ to 1.00'^ (1., ami 
tills raug(‘ was tlu^ lirst to bo studied in detail, 
hrom 0" dowmward a special kitul of technique 
ami experienee is required, while from lOO*^ 
upward a rather dilToront, hut again H])eeial, 
kind of ^(^•h 1 n(^U(^ and experienee has had to 
h(^ (hwidopiul, ’'Du^ range above may 

again Ix^ divuh'd, on similar grounds, into the 
range lOh’-fiOO", within which most of the ordi- 
nn.ry materials of eonstruetiou are available for 
ox|)orimental work ; and the range above 500'’, 
whore available <ionstruetl(m materials begin, 
om^ hy ones he hdl as the tem{>eraturo rises, 
ei(h(‘r through oxhlation, mechanical weak- 
or actual fusion. 

§ ( IH) knnsHuiuo and VotmM n (lowKFtctMNTS 
OF (1 ASKS.- Ah we have seen (§ (12)), the 
centigra<le gas scales are (leliuod in such a 
way that the temperatnro 0” is arbitrarily 
ahsigned to the iee-point under one atmosphere 
lirtissnrt^ wlumc.o the temperature 100" he- 
eomoH assigmal to the steam-point under one 
atmosphere, hy virtue of the detinition of the 
unit of imaisuronumt in § (Ii). 

ddieso two lixed tomporaturos therefore 
h(wom(5 fundamental reference jioinis for any 
type of gas tUennomoior, and all of its tomi)cra- 


turo indications arc based ujxm measurements 
of pressure or volume at these tw'o ])oints. 

We have soon that for each of the ahaolute 
constant-volume gas scales tliere is a value of 
T(,, the ice-point, given liy the relation 

T ; 

” ‘Ihoo ~lh 

also that any other temperature, T, is defined 

‘•y ,) 

Po 

and that the corresponding centigrade tenipora- 
turo is defined by 

4”-=T-To. 

The constant (7>ioo = is called 

tlio “ preasuro-ooofiicient ” of the gas at the 
initial pressure stated, and is usually rojiro- 
sented ))y the symbol 

Correspondingly, for each of the absolute 
“ con8tantr])r(‘ssure ” gas scales there is a 
value of d’o', the ice-point, given by the re- 
lation 

KHbo . 

J 0 ' ■ f 

’’lOO 

also, any other temjiorat.uro, T', is dofinod by 



and the corresponding centigrade temperature 
is dofinod by 

/„ = T' -To'. 

The constant (^hoo = called 

the “ voiumo-cocfiieient ” of the gas at the 
I)ros 0 uro stated, and is re])iesonted by the 
symbol a. 

Obviously, although it is necessary in a given 
gas-themiomotcr to measure P(^ or v^^, it is not 
necessary to measure with it /J or a, since 
those are constants of the and not of the 
thermometer.^ 

MoasnremcniiS of fi and a for particular gases 
are listed in Tables 2 and 3. 

§(11)) (lOMPAlUvSON OF TiriO DTFr'FUENT OaS 
SoAiUflS. DtRisoT JVliOTiioi). — Sinoo necessity 
or conveniencjo has brought about the uh(j of 
several dilhuxait gas Hoales, it becomes of 
impoitanco to know tlio corrections by which 
readings in any one of these can bo reduced 
to a eommoti standard, such as the normal 
hydrogen scale. 

'rhe direct method of detcuunining these 
corrections, as has Ix^en said, is to jiut the two 
thermomoters side by side into a thermostat, 
and compare the temperatures as defined by 
ea(‘h, of tlio two ihermormderH ; or to measure 
a given tomiioraturo (controlled by a H(Kumdftry 
thermometer or reproduced hy a melting-point, 
for exam[)le) first with the oiu^ gas-thormo- 
motor and then with the other. 

^ I<'or a fuller dlscusHlon tlu‘. rctuler is referred to 
the article on “Thermodynamics.” 
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'PAur.w 2 

I»H10HaUIlM-('()Kr^’KK'IIOKTH OH' VAHIOUH Til KIlMOMKTItKI ({AHIOH. VaiAIKH OH’ 



I 

500 miu. j 

AiiMior, 

y>„ ■ - U)(K) lUin. 

700 min. 

'I)!i(,(% mnl lli'l'i'n’nm'rt. 

a(5G2-r) 

3062-7 

. 0 

Ilifdrogm, 

( lluipimiH (21 ), 1888. 

Onm-H and Hoiidin (88). 1000. 

30G2-G 

3002-7 

Tnivi'm and daiium'oil (1 M), 1003 

3003-0 

3002*2 


3001*8 

1 (IliaptmiH (22), 1007. 
llollmni and lli'iinin^^ ((M), 1011. 



IleUtm. 



3002*0 

3002 -.3 

d^*av(H’H and .)a<pK‘i’od (IM), 1003 

3001-3 

3001*0 

- 

3001*8 

1 OiinoH (87), 1007. 
ilollmm and IIi'iiniiiiL? (01), 1011. 



Nitrogen, 


3074 7 



dhappiilH (21), 1888. 


3071-4 

3008-1 

3007*8 

1 dhappiUH and Tlarkm' (21). 1002. 

3073 

3070 

3007*0 

Day and (•lomouti (3’1). 1008, 


3071*2 

3070-2 

3007*1) 

3000*4 

1 Holbnrn and Uimninp; (01), 1011, 



3G08*r> 

Day and MoHinan (35) 1012. 


•• 

3000-1 

dhaiipuia (23), 1017. 



Air. 


3674:*4 


\ 

Oxygen. 

1 COiajipuiH (22), 1007. 


1 

1 3071-7 

1 Makowm* a,nd Nnbln (80), 1003 



Carbon Dioxide, 


3724*8 


1 

1 dhappuiH (21), 1.888. 

3726-3 

3712-3 

3007- 1 

(22). 1007. 



'rAUMO 3 


VoLUMK-ooiamoiwNrTH oir Vahioum 'rinaiiMOMiaTitKi (}<' 

uMl'iH, VaI.UM.H Olf 10*U, 

yi = U)0() linn. 

700 mm. 

j 500 mm. 

1 .'VuOmr. 



Hydrogen. 


3000*0 

1 

1 

Nitrogen. 

1 (UmppniK (22), 1007. 

3073*1 

3073*2 


.. 

1 (!happulH(22), 1007. 


3000*8 

3000-8 

I'lunmi’fnpnuloM (18), 1014. 



Air. 


3072-8 

3070*H 

Carbon Dioxide. 

1 (iliappniH (22). 1007. 

1 KuniorfoimulnH (47), 1008. 

3741 -0 

3723-7 

1 3700-1 

1 dhnppulH (22), 1007. 
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(i.) liaiKjc U" (<> 10(1". " In l.lu‘ range C'-lOO" 
(.Ihappuis (21) made in ISSS a (liro(5i cotn])arisoii 
of ili(‘ kind indicaiicd, koiwcen couHtant- 
voliiine liydrog<a), niirogcMi, and oarlxm 
dioxid(^ gas-ilHn‘in()nHd.erH. In 1007 (22) ho 
(‘xliomled ilu^ ooinpariHon to coiiHl/aiit.-proHHuro 
IhennonitdorH of Iho Hainc gascH. J-Io 

found th(^ following dill’erencoH (hUowii in 
d'jiblo 4) l)el\v(‘en the normal hyclrogon scale 
(/jj) and iho other scales. 

'rAllLM 4 


VAI-UKiS or /[I l. AOeORDlNO TO (■UAPCUIS’ 
(loMl*AIUMONH 



At 20". 

At UP. 

^'iT" ^N, 11)011 1 

- ()•() 10" (1888) 
-•O-UOf) (1907) 

- 0*01 r( 1888) 

•• 0*008 (1007) 

iDOl) 

-0*()21 

-0*020 

1000 1 

-()'()02 

()-()00 

•1 0*004 
-0*001 * 

*^11 ■“ ^'Oa, f, 000 

-M)*002 

■1 0*010 

bl ^'Oa. 1000 

■■ U-029 

0-029 

bl“ ^'0.J, /», tlOO 

-()*027 

- 0-02(> 

” ^IOb, />, 1000 

- ()*102 

-0*122 


* (lomimrcd wlih IHHH rcHulis at conHtant-volinnc 
through nuu'cury IhoriuouictrrH, 


Since tlu^ limit of roproducihillty of Cha])piuH’ 
iH^Hults was about 0*005'', dilhu'cnccH of less 
than thal/ amount are of liith^ signilicauco. 
O’o this (h'grcH') of exjuitncss, therefore, the 
eonstniUir- volume and eonstatit-presHiiro hydro- 
g<ui H(nd(^H ar(^ H(Hni to bo in exact agreement 
a,t 20" and 40'\ while the other gas s(5ales 
sliow mc'VHurabh' deviations from the normal 
hydrog<m scale at those temperatures. 

* (W.) Ha II i/e - 272" kM)". -- -Olszewski (80) in 
IHOO companxl cormtant - volume hydrogen 
and Indiiun tlKuanometers at ■ 182''’ to -21U, 
and found that tlu\y agreed witliin 0*U in that 
I’atige. 

In the same y(air Jlolborn and Wien (08) 
(‘ompa,red eonstant-volunu'i hydrogem and air 
th(u*mom('t(U’s, and found that the air thorrno- 
met('r indi(»at(Hl a temperatun^ 0*5" to 0*7“ 
lowin' than the hydrogmi at liipiid air tetn- 
pm’atAiri^s. llolborn eonlirmed this obsiTvation 
in 1901, (inding a dilTiu’eneo of O-rg)" I 0*00" 
Ik4av(hui nitrogim and hydrogen thermonieters 
at initial in’i'ssun^ K'OO mm. 

'rraviM’s a.nd Kox (112) observed a largo 
idTeeli of the vidui^ of the initial pressure on 
tbi^ deviations of ibi^ (X)nHiant-volume oxygen 
tbi'rmomi'ter, wbie-h reads lower than helium 
by an a.mount whiidi varies with and is of 
the order of magnitude of 0*4" to Ln". 

'irrawortf, Wemtor, and daituorod (114) in 


1902 compared eonst/ant-volume hydrogen and 
ludium thormonuders at initial ])ressures of 
v84r)-97r) mm., through the intermediary measure- 
ment of the vapour pressures of v)xygcn and 
hydrogen. The}^ found the hydrogen tempera' 
tures to bo 0*10" lower than the helium in the 
neigld)oui‘hoo(l of - 190", and 0*19° lower at 
- 252°, 

Kamerlingli Oimes and Holst (99) also 
made a careful comparison between the con- 
stant-volume hydrogen and helium thermo- 
meters, Uvsing a jdatinum- resistance control, 
at toni[)eratures from 0° to - 258°. The 
dilTorencoa between the two did not exceed 
0*()(i° (lowm to ■- 100", and they may bo con- 
sidiu*ed as didiniug the same temperature 
within that range to an accuracy of 0*02°. 
At -258° the hydrogen thermometer yielded 
a temjH'raturo 0*12° to 0*15" lower than the 
helium. 

(iii.) Hamje 100° to 500°. — Holhorn and 
Henning’s investigations (04) in 1911 con- 
stitute a comparison of the constant-volun\e 
hydrogiMi, heliTun, and nilrogou scales at initial 
pressures of (>20-(i20 mm., using two ])latinum- 
resistanei^ thermoTnoters jvs intermediaries. 
In terms of one of these two the hydrogen and 
helium scales agreed exactly, to 0*01°, at 450° ; 
in terms of the other, the helium-scale tempera- 
ture was 0*07° lower than the hydrogen. 
The nitrogen scale was 0*1 1® to 0*12° lower tlian 
the hydrt)gen at 450°. TJio results indicate 
that the hydrogen and hedium scales are in 
agreement at 450° within 0*05° or loss, while 
tlio constant- volume nitrogen scale at initial 
pressure of about (500 mm. reipiires a correction 
of about 0*1° to convert its readings to the 
normal hydrogen sealo. 

Eumorfopoulos’ dotorminations of the hoil- 
ing-])omt of suljdiur (48) in 1914, likewise, 
constituto a comparison of the constant- 
pressure nitrogen siuilo at pressure 792 mm. 
wdth the similar scale at 415 mm. 9’he differ- 
ence between the two was found to he 0*22° 
at 444*5°. Hence, on the fairly exact assuni])- 
tion that tlu^ correction is proi)ortional to the 
pressure, the corriHitiim to convert the con- 
stant- pressure nitrogen siudi^ at 1000 mm. 
to the thermodynamic scale is 4 0*00° I 0*05°. 

(iv.) Haiii/d above 500°.— The only exact 
eomparisou of gaH-thcrmomcdiers in this range 
is that by .laipierod aiul Lerrot (72). Using 
a bulb ()f fnseil silica, they determined the 
melting-point of gold on the eoTtstaut-volumo 
nitrogen, oxygen, air, carbon dioxide, atid 
earbon monoxide scales at initial ])ressnres of 
182-252 mm. 

Althougli some of their errors, i)articularly 
that duo to non-uniformity of temperature, 
were abnormally large, novcrtholoss the fact 
that all of the gases were used under iilcmtieal 
conditions niaki's the work a fairly reliable 
comparison between scales, oven though their 
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abHoUilo Yiiluo f(n‘ tho incltiu^-t)()ini of gold Is 
open to qiioHtioi\. 

LxprcHHod ill of corrocbioiiH to oouvcM't 

readings on one of tlio gas scales to readings 
on tlic constant-voliune nitrogen scali^ at 
initial presHure of about 250 mni., tlioir results 
wore : 

r, 250 ^alr, r, 250 “ “ 

%, r, 250^^003, (\ 250-" +0-0'’, 
r, 250 ^0, i\ 250 “ “I' 
r, 250 (\ 250 ™ -tdOr)’. 

§ (20) (JOMPMlISON ou Oas S(3ALKS n\r thic 
Indirrot Mbtitod, and Dipkwrknokh rk- 
TWEEN Gas Scales and tmw Gentiurade 
Thermodynamic Scale. — T he indirect niethod 
of com])arison consists, as lias been said, in 
calculating from existing energy-data of tho 
thormomotrio gases the eorretJtions noeessary 
to rbduoo tomiioraturos mi one of tho oonti- 


eorreetions in l'h(‘ int(U'm<Mlinle rangi' may !»<► 
gained from TaJile 5, which compares tlu' 
dilTercnc(‘s IndAVi'cn (•('■niigra.dc' llimanodynainic 
tomperal-nrc, On and ga.H-sc-al(‘ leinjuM-atun's, 
ealeulateil for tb(‘ tiinnpiu’atain^ 50" hy sonu' <if 
the authors (iiiohal. 

It will he H(^(m tbai. tlu^ normal InjdnHjrn 
sealo, bet\V(‘.eii 0" and 100". is exjHa'inuMit.ally 
very luairly indistingaisliahh^ from tin' c(Mda- 
grade th<MMnodyiuunic scab'. To a U'mhim’ 
degree of certainty the same is tnu' of thi' 
eonHUml’-prvmHrv hydrogvii scale from 0" to 
lOOA as is evidiait from hoth Table -I mid 
'Table 5. 'The eorreetlons for thi'i ronsioid- 
pnmnro nitroyvn seah' in this I'aiigi^ an^ in 
fairly satisfactory agnu'iiuait with diappuis' 
directly detmanined (liHenMnu's (sta^ d5ibl(' •!). 
Tho ('(>nd(nd'r(>lnni(i nilrayvn cornH’.tbm is 
niorci uncertain ; Bm'kiughauTs ligiiri' is much 
smaller than the others and smaller than the 
results of direct eoniparison ; on the otlu'r 


TAuiiW 5 


COMX»ARISON or GaS-SCJALE OORRlWmONH AT 50'', IN 'PnotmANDTllH OB' A OllldltEll 



UoflU-IimoH. 

eiillcuCar 

(L). 

Oallciudav 

(II.). 

Btu’tliolot. 

UiutkltiKlmni 

(l.|. 

llviokinRluua 

(IX.T. 

(ijmuHMul 

Jilriuik. 

fLixton. 


1 ., lOOO 

^ 0 “^N, V, 1000 


- 1-3 

- 0-0 

- 5-9 

- 0*5 

- 8-0 

- 3-2 

- 1-4 

•• 

- 2 d> 



p, looo 

~ 3-3 

- 3*5 

- 1*8 

- M 

-» 3-9 




.. 

p, looo 

- 28-9 

- 22 dj * 

- 20 d) 

- 24 0 



-. 20-9 

-;!4 j 


.. 23 -H 

- tHd> 


(!alcu luted for air. 


grade gas scales to temperatures on another 
centigrade gas scale oi* on tlio centigrade 
tliormodynamic scale. '‘Jl'ahles of such eoi'n'c- 
tions have been compiled hy Rose-lnnes (100), 
(Jalleudar (17), 1). Borthclot (l,‘l), and Bucking- 
ham (14). Kamerlingh Onnos (H7) and Braak 
(80, 90, 91) calculated the corroetions to tho 
constant- volume helium and Iiydrogen seak^s 
at temperatures helovv 0". Iloxton (09) 
calculated corrections for tho tunistaut-volume 
air scale from his experiments on the tlindo- 
Thompson edeet. Keyes (75) recomputed the 
nitrogen correctionH on the basis of bis new 
o<niation of state, which receives considerahlo 
siqiport from experimental data. 

Limitatious of space forbid any extemled 
diseussion in tills article of the derivation of 
these cornwtions. ^ We will eonline our 
attiuition to a lirief indication of the present 
status of our knowledge of these oomietioim 
in relation to experimenlial gas-thermometry. 

(i.) HanyoiY' to 1,00".— Tlie scales all eoincich'i, 
by (lefinition, at 0" and 100". Some idea of 
the state of our knowledge of the inter-scale 

^ Tor fuller dlHciiHsiou h('c the article on “ Tluinuo- 
dyuumlcH." 


I hand, according to Ki'yi's’ ('({unlion, the 
I eoiistant- volume nitrogen corrctdbm is /.I'ro. 
(ii.) Hantjo 279" lo 0". 'Talih' 0 gives a 
e.ompariHon, similar that in a pnsH'ding 
paragraph, at tmnpm'atun' 1 00", 

The agreement among tlu' dilb'rt'iit estimateH 
at ‘“JOB" is very poor, Gntu'S and Brauk's 
value for the norniol htjdroijrn neale is mi' 
(louhtedly the hi^st, lu'ing hasi'd on ('Xpei’iiiK'iit- 
ally (letm'miuod isolherms at low Imupi't'al uri's, 
Ounes’s data on the ctoodonioHduniv hvihnn 
Heale show tliat it eoineidt's with ilu' tlu'rnna 
dyuamie seali' within Odd" ut 100", and has 
a positive correction of not. tiver OdilT' at 
‘ 250", 'The difTt'reiu'i'H lietwi'cn hydrogen 
and Imliurn are Hatisfaetorily ehei'ked hy the 
direet eomparisons (st't^ an eiirlii'r paragraph). 

(iii.) /5/wge 10(i" 5) 500". As hcfori', t luM'sti 
mates of various auUiorH nri' eoinpured nt a. 
Mingle tempera,tun\ in this ease 400". (See 
d’ahle 7.) Krom Talile 7 it la eviilent. that, we 
know very little more of ilu' magnitiude of llu^ 
mifilml-nolume hydrogen and nit.rogtm t'orri'e- 
titms than we did st'Viudy yi'arM ago, wlu'n 
R(%gnault eoneluded from his eomparisonH 
tliat ihi' eonslant" volume air scale mwded no 



845 


ai^^MPERATXTRE, REALISATION OF ABSOLUTE SCALE OF 


ooi’t'cH'lion. Kvcii llolborn and Henning's 
diiHHit. conipariHon (hoc a })rc( 5 ecUng paragraph) 
Icavt^H the matter somewhat in cUmbi. 


much better known than tlio constant- volume 
oorrcctions. Jaquerod and Porrot’s direct 
comparisons (see a preceding paragraph) are 


TAniiM 6 

(toMPAUiHON OP (Jas-hcialm OoRUKCTtoNS AT “100°, IN Tiiousandthh or A Degueh 



( !all(‘ndar 
(I.). 

( lalhmdar 
(U.). 

fiorthclot. 

Buckingham 

(I.). 

BnckinKham 
(1 h). 

Onnos. 

^<^“'^1, 11, lOUO 

+20 

-1- 6 

+ 8 

+ 32 


+ 18-7 

V, 1000 


-1- 80 

4-125 

“ 50 



h 1000 

+ GC 

4- 29 

+ 21 

-H 46 



/I, 1000 


4 437 

4-409 

4-326 

4 348 


^‘0 ''Ilo, 1000 

1 

•• 



-• 


r+ 3-4 
( “ 6-0 


'Phv> couMant'-prcfiMure hydnxjc.n. H(‘.a.lo ia 
Hubj(‘(d to a positive correction of about 0 - 1 °, 
whik {'ondirnl-prci^y'^wrv, nilroum- eorn'cHon 
is r('lativ('ly the best known of all, amounting 
tio about >1 0 “ir»‘' at' 400 '' for a thermometer 


of no assistance as regards corrections to the 
tluM'modynamic scude. 

§ ( 21 ) Dktkkminatioj^ op — The numerical 
value for the ice-point on the Kelvin 
thermodynamic scale, is one <.»£ the basic data 


Tauch 7 


('OMI'AIUSON op (lAH-S<IAm'5 ( \)UHIfiOTIONS AT 400 ", IN ThoITHANDTIIH OF A PeGRRK 



(+lh'n<lar 

(b). 

(WUmdar 

(lb). 

BcrtUelot. 

BnckinKhaiii 

(b). 

Bucldn{j(ham 

(11.). 

Koyos. 

I'JOOO 

.. 

•• 

4- 12 

4- 00 

-• 

• • 

r, 1000 

.. 


4-104 

4-130 


0 

1000 

-1 08 

1-38 

4- 21 

+ 110 

+ 08 


^N, 1000 

*• 

-1 550 

4-457 

-1-433 

4-456 

+436 


at prt^sHui’t^ 1000 mm. Eumorfopoulos' 
tid) din^’t d(‘t(M*mination of this correction 
as O’OO I 0 * 05 " at 450 " ftirnislK^s coidirmation 
that th(‘ (estimates are corivet within 0 *U. 

(iv.) lirnyv, above 500 ''. -In this range no 
one has ventured to calculate the dilTercnccs 


of ihcnnomc^try. While its determination is 
a fundamental thermomotric pro})loTti, and 
forms logically a part of the ■])roscnt article, 
the prohlcm will bo found fully discussed 
els(^ where in this dictionary.^ The most 
reliable ostimates vary from 273 * 08 ° tx) 273 - 14 ® 


I’ahlw 8 

(lOMrAlUHON OP (iAH-HOALM ( blUUflOTIONS AT 1000° 


' ' 

(^alkmOar (lb). 

IhTtbclnt. 

Buckingham ( 1 .). 

Buckingham ( 11 .). 

Keyofl. 

V, 1000 

1 (M 54 (l'’ 

1 0 - 77 " 

-1 0 - 734 ° 


0 

^^r'^N.aiooo 

1 2-047 

4 1 -054 

j 1*700 

1 - F -721 

+ 1*72 


h{ 4 Ave(^n tlu^ H(‘.a]eH for (my ex(Hq)t cmMant- 
rolintie and coudaat-prmvira nit,rof/en thormo- 
nu 4 -(a*s at initial pressure 1000 mm. These 
an^ shown in Tabh^ 8 . 

In iihis ra.ng(', as in the rangi*; 100 °- 5 () 0 ‘*‘, 
ilie consl.ant-prt'Hsure nitrogen (uuTOc.tions are 


and it may fu^ (‘.ons(n,‘vativ<dy phu^od at the 
value 273 -r*l 0 * 05 ". 

§ ( 22 ) Summary for Siootkw I IT.- (^anti- 
trade lhermody}amk> tomperatiires can now 
1)0 measured with several different tyj)es of 
I Hoc article on “ Thcnuodynamics.'’ 
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gaa-tlicrniomotcr, with an acu'.uraoy whio.li ih 
conscnwativcly cHtimatccl to bc' aB fnllowH : 


At 

- 250" 

0-05“ 

At 

200'" 

0*05' 

At 

-TOO’ 

0*02“ 

At 

400“ 

0*1’ 

At 


0-0(KV" 

At 

1000’ 

1“ 

At 

50“ 

O-OOG'" 

At 

1500'’ 

2'-’ 

At 

100" 

O-Ol" 1 





TV. Mrans of Com paths on of Oas- 

TIIERMOMETFRS WFTir SfOONOARY- STANDARDS 

(2,‘)) Secondary Standards. — A gaa-tlici’- 
momoter occii])ics sn inncli space that it is 
seldom convenient for nsc in the clirocjt 
nioasnreincnt of tonipcraturo. Foi* tluH reason 
tlio exiTOT'iniental rcaliKation of the tomjToraturo 
scale and its iranalation into tonus and 
mcaauT'es of convenient application requires a 
furtlier step, namely, the comparison of gas- 
thormonietcrB with secondary standards avail- 
able for general use. 

Secondary standards may bo claHsod as of 
tlu’co kinds : 

(i.) Reproducible fixed loinpcraturos (melt- 
ing-points, boiling-points, etc.). 

(ii.) Independent thermal properties of 
sitbstances (vapour-pressure, in<lex of refrac- 
tion, etc.). 

(hi.) Combination of (ixod temperatures 
with a tlrermal property (resistance thermo- 
motor combined with ice, steam, and sulphur 
point's, etc.). 

The expression “ thermal ])roporty ” is used 
hero in a broad sense to incliulo any j)ro})ej’ty 
which vanes with temperature and at the 
same time can bo measured with precision. 

§ (24) .Fixed Tebtperatureh.— Tn neiuu'dance 
with the Phase Rule,^ the temperature of a 
system is fixed if the pressure and tiu' necessary 
number of concentrations are specified so that 
ill a system of n components 

P + F = w-|- 2 , 

where P is the number of ])haHos present and 
F the nunihcr of variables that have Imhmi 
specified. 

For instance, take a one-component system 
such as ])ure water ; the spccilhad.ions that the 
])rcHKSuro sludl ho one atmospheric and that the 
two phases, lupiid water and ice, shall he 
])rcHGnf., determines that this system shall 
Jiave a (ixed and r(q)roducibI(^ temperaturt^ 
Or take the ^-component systiun-" water and 
sodium (ddoride ; fJu^ spcctlications tliat ii^e 
and Holulion shall In') pn^siMit, that flio ])n'SHur(' 
shall he one atmospluM’o, and that the solufioii 
shall have a, concentration of 10 fiarts salt to 00 
parts water, again (ixos a reproducibhy huupera- 
ture. So also doiis tlu^ spociliiaition of the three 
pliaH(\s, ic('i, salt, and solution, and a pn^ssure 
of om^ atmosphere ; or tlu^ specilication of 
tiro thr(H') ])has(vs, salt, solution, and vapour, 

‘ Sec “ Phnsii Unhs” § (s), Vol. iV. 


and a pressuri^ of one almosplua’t' (boiling- 
poinl. of th('> saturaled solution)* 

The f.e,mperaturi^ of any such syslmu may 
he measured with a gan-tlua'inoimhcu’, and 
this fixed-tempis'atun' system tluai Ims'ouu'S 
available eitheu* for lilu'' direct indication of 
tem])erai.uro or for t lu’i standardisat ion of any 
kitnl of secondary thermonudiM*. 

(histoinary jiractico in gas-theriuonudih^ 
work has (jnite lUMvIh^ssly n'strieted tlu'Wi^ 
fixed - tempi'.rature points fo om^-coiupomnt. 
systems --to f.he nutting- and boiling-points 
of j)uro HuhstaiUH^H, usually (tenusdis. 

The gas-thermometer need noti ho direidly 
imnuTHed in tlu^ fixod-hunperature systmn. 
Many kinds of transferring devices may b(' 
used, such, for example, as a tluu’mo-elenumt. 
The therino-element is imnuuw'd in thi^ 
fixod-temiierainre system, say Ui mi'lt-ing nudal, 
and itiH F.M.IC is nuid. Tluu'ino-itimuudi and 
gas-thermometer are thim phuunl siih^ by side 
in a thermostat whose tempm’atnre is regulntisl 
until the thermo-element again gives th<^ sanu^ 
M.M,F. A gaH-thermomot(U' naiding then 
gives the desired temperature of tlu^ (ixial 
l)oint. There iurhI he no Ha(U’ili(R> of a(*.cura.ey 
in making the (‘nmparison in this way, for 
the sensitiveness of tlu^ therm o-ekunet^t can 
easily be made eipial to or great<u’ than that of 
the gas-thermonu'ter by multiplying junctions. 

There are two considerations, (‘itluu’of wlnk'h 
may clietati^ tho (4loic(^ of an indinsit, or t I'ansku’ 
method, such as that di^siTilu^d aJ>ovc, ratluu’ 
than tho diris'.t imnuM’slou nu'thod. In llu^ 
lirst phtoe, uniformity of tenipis’at'Ui’i' must 
h(^ Seourisl over tlu' (Mitii'i^ volume of tlui gas- 
therrnonudor hullu and this fri'quenlly (’alls 
fur the use of a secondary or auxiliary tluu’mo- 
metrie device of small volunus with which to 
exjdore tlu^ distribution of tempiu’aturi'. 
(Ihaiipuis’ bull), for example, was ov(U' a metro 
long. Tu a comparison of this chara.eter in 
which the dimensions of tlm two nu'SHUring 
instruments did'er so ('xtnunely a conHldiu'ahk^ 
burdonis plneed on tlu^ tluu’inostat to guaranUM' . 
the constancy of iompt'rntiurc ov<'r so largo a.n 
Uii'ea with the full pna’ision (‘xp(''et(‘d. 

Or, to vi(nv tlu' prohkun fi’om a. sonuncliat 
dilTenud. anghs tho tJiermoslat may fidlil all 
expeotatiouH, but th<' imdal bath or olluu' 
lixed t.emp('ratur(^ HyHt(Mn ho too small or loo 
une(U’t.a/m in its p(M’formane(' to (uamn' the 
exp('etcid const.aney of t(mip('ral itio ovcu' the 
entii'i' volume of a lai'g(' gas th(M’motmd('r 
hull). In this eas(^ obviously ilu^ transhu* 
nuddiod will yi(4d h(dt('r n'sults than the 
direct method. 

i? (25) ^riiKUMAi. Fmu’EirriDM. Any prop<uTy 
of a suhstanei) vvdiieh varit'S with ((MuptM'at.uro 
in such a way thati iti (am la* mea.snisal wilh 
accunuy and i)n‘ciHion may la^ made tin* 
suhj(*ct()f c.omi)ariHon with a, gnHdTu*rmoimd(‘r. 
Th(* meaHurements of the prop('rty so ol)iain(*d 
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i»in.y tluMi !)(' hIiJiUhI in iorniH of a c(M\iij>;ra(lo 
miH or on(> of (liu^ ilK^nnodynainic HcalcH, 
('it lKM* l)y unauis of a tablo of data, or a gra])b, 
or Ui nni( honia.ii<ia.l fonnnla, and may thuH 
IxM'onu^ a, H(H'.ondary Htandard for t.iio direct 
nKaiHurcimnii of ti(nn|>orattu’e. 

'riiiM nu'l'hod |)n'HuppoH<ss that the HubHtanco 
in (pa^Htion can In^ obtaiiuul of nia^h coiiHiant 
{Old r(‘producil)l(^ c.oinpoHiiion and Htrueturo 
(hut tlic iilu'rmal property in (pu^Htion in 
r(^producibl(^ with a. pnaiiaion (Mpial to tliat 
wi(h wln(’.b the compariHon with llio gan- 
tln'i’inonudor waa inad<^. ddiia is a napureiiient 
which is dilVaadt to m(M4 in t.lu' case of Home 
properih^H, hut is (Misily nu‘i h\ otluau 

Sons' of th(^ prop(n‘ti(^H ifhat have been 
coinpjinal wiih gas-t,h('rinoinoterH with a view 
(o Mu'ir in<l('p(Mid(^tit uh<^ in HCeoiiidary thermo- 
nudry a.r<K tlu^ va.poiir pressure of a i>ure 
li(piid, i.hc index of r('fra(dion of a gaH» the 
spianlic- licat capacity of a solid, and (most 
important of all) the wavc-hmgth and intensity 
of t.lu' ra,diat.ion from solid bodi<‘S. 

§ (2(1) (hmiUlNATK^N OH’ hlXMl)'ri':iVIt*MKATUH,nH 
V irii A d'nnKMAii PuoiM'IRTV. 4'his nudhod 
has b('et\ the oiU' most. <Mmnnonly UH(al for th<5 
('('alisation of .nas-t.lu'nnuim'h'r se.ah's in tlie 
form of secondary standards. VV<') may 
eonsidm* that. wdud. is nvilly measured atnl 
ctud.ilhal t.o in this ('ast' by tlu^ gasdhermometer 
(in addition t.o the Iixetl t.tmpa'ratures them- 
Htdves) is the iiKOinvr af mnalion of the 
prop(nd.y In (piestion. It is this manner of 
variat ion that is ri'produeil>l(% not the aiwolute 
measiin^ of tin* property itself. 

Talv(', for examph^, the (dectrieal eoii- 
dmd'lvity of a partieular m(d.al. Mleetrioal 
eonduetivity is so semsitive to small amounts 
of impurities in th(' metal tha.t it eamiot bo 
<ionsi(hM’('id sid’liei<Hitly reprodue.lble to bo an 
imh'pomlont see.ondary standanl. But oon- 
dmdivit.y (nr resist.aiU'C’i) ‘measuremonts on a 
part'itnilar saiuijh', in eoujumdiou with gas- 
th(‘rmonud,(M' uuMisurements of temt)eraturo, 
may show thn.t. t.he resisianco of that Sample 
vnrii's ronfJfiKOKdi/ and rcprodxcihly, aiul iluit 
it (nui !)(' r('preH(mted within the limits of 
pnudsiotii of t.lu’i gaS“t.lu‘rmon)i(d.er by means 
of a math(unat.iea.l formula eontaining as 
eouslauts iht' l•(WHtane.e of the sample, say, 
at tihnM' (1 x(hI t<unp(M’atures, wlmse value is 
iudeptMuhmt'ly known by other gas-thertno- 
m(d(u* m(viiHui*<mi(ud.s. 

If this r(wult is r(i[)CMitedly obtained on 
va.i‘ions samph's, it is nMisonahle to assume 
that, any nt.luu’ satnphs whose r('siHt.ane.e (hx'is 
not vary gnaitly fnnn those investigated, will 
likiovist' lia.v(^ a l•(wistanee whitdi varies 
eonthuiouHly juid i'(^pi’oducihly and (um bo 
r(^pr('H(Mit.(al l>y a. similar foi'mula containing 
a.H <'onstin.ntH t.lu'i r(ssiHta.nee at the H(deetod 
IIximI turn pfU'atnn^H. 

It will Ih^ reeognised that measuremonts of 


this kind form the basis of tho widespread 
and successful use of tlic platinum- resisianco 
tiior mo meter and tho inctal-alloy thormocouj)le 
— two very common kinds of secondary 
thormomctcr. 

V. (JOMrARIHON OF 0 AS-TUFUMOMET ER.S WITH 

Beoonoary Standards in thf Range 
( r to 100'^ 

§ (27) Fixed Teivtperat ukeh. — T honumorical 
values of the temporaturo of tho melting-point 
of iee and tlu^ boiling”})oint of water arc fixed 
by definition, Tlic question of their repro- 
<lucil)ility and ])recisiou arc considered else- 
where.^ 

No fixed temperature within tho range 0° 
to lOO" has been made the subject of direct 
gas-tliermometer evaluation. 

The teittporaturo of the system [Na 2 S 04 : 
Na^WO.i . lOU. A) : solution], under one atmo- 
sphere pressure, in the two-component system 
Isodium sulphate : water], has been proposed 
by Ithrbards (105) as a fixed point in this 
part, of tlu^ Hc.ale. Its toinporature was 
a(!c.unif.ely (hdcnniiuMl by Richards and 
VV(‘Us (100) by means of nicrcMiry thermometers 
calibrated against the standards of the Inter- 
national Bureau, and the determination may 
therefore be taken as an indirect determination 
in terms of tho normal hydrogen scale. Tho 
temperature thus <loteruiinocl was 32*388°. A 
similar comparison was made by Dickinson 
and Mueller (43), nsiug platinum-rosistanco 
thermometers which had been compared with 
mercurial standards chc'uked hy tho Intci'- 
iiational .Bun^au, and wlncdii wore believed 
to represent the hydrogen scale within 0*002” , 
their figure for the point is 32*384°. Tho 
close agreement of those two is good ovidonco 
of the reprodtunbility of tho point. 

Similar (let(wminationH of tho tomperaturo 
of (Mndl^ . 411./) : MnFlii . 211/) : solution], at 
58*080“, have been made by Richards and 
Wredo (108); and of tho temperature of 
[Nalir : Nalir . 2H/) : solution ], at 5()*()74°, by 
Rieharcls and Wells (107). Tho NaBr point 
has tho disadvantago that the salt is not easily 
obtained in a suiruiiently pure state for exact 
work. 

S (28) Therm At. IhioricRTtEH. — No indepen- 
dent tlieruial property, which could be depended 
upon for the metiHuremcnt of tcmperattiro 
without tbo aid of standardisation at fixed 
points, has bet^n made tho subject of gas- 
thermomehw cotnparisoii in the range 0” to 
10(V’. 

§ (20) (loMiuNED Thermal BuoiMORTtEH and 
Fixei> Temderatitres. (i.) hjxptvtimon of 
U(\r<Miry in dilTcrcntial cubic.al 

(expansion of monniry in a partic‘-ular typo of 
hard glass is a prop('rfy capable of fairly 
exact reproduction, with tln^ aid of two fixed 
^ 8ce article on “ Thormomotry.” 
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tein p(‘ratureH. Tho uho of tLin propcM'fy in 
“ mercurial tUormomotry ” ia made Iho 
subject of a Hpccial ariiclo in thia clietioniiry 
and need not bo rt^fciTcd to at Umj^tk hero. 

The comparison of tins property witli the 
constant-volume laydrogon thermometer has 
been tho subject of some of die most exact 
work on record in gaH-thennometry, namely, 
that of Ohap])uis (21). 

Ohappuis used a bulb of platinum-iridium 
alloy, having a (*.a})aeity of about J litre, 
and iillcd with pure hydrogon at an initial 
prosHure at 0° of about 1000 mm. mercury. 
This was immersed in a thermostat witli four 
standard mcroury-in-hard -glass thermometers 
of tho International Bureau, Nos. 4428, 4429, 
4430, and 4431. The tnu^ tcmiporatures of 
theao thermometers were then determined by 
the pressure of tho hydrogen at about 5", lO"^, 
15°, 20°, 25^ 30°, 35°, 40°, 45°, 50°, 01°, and 
78°, and tho corroeti(jui8 necessary to eonv(u*t 
their scale-readings into true tomporaturoa 
were tabulated. 

Those four thermometers thus became tho 
custodians, so to speak, t)f the international 
temperature scale from 0° to 100°, and all 
other standard thermometers in tho world’s 
various national bureaus of standards have 
been calibrated by comparison with those four. 

(ii.) Mectriml limstance oj Flatmum Wire . — 
In 1871 8iomons suggested the use of tho 
eloctrical resistance of ])latiuum wire as a 
secondary thormomotric standard, hut it was 
not put on a really e.xac^t basis until (lallemlar 
investigated it and revived the suggestion in 
1880.1 igpx ho and E. H. (h-imths (19) 
Xiublished a direct comparison het.wecn a 
platinum-resistance thermometer and a con- 
stant pressure air thermometer at intervals of 
5° over tho range 0°-100° C. The two thermo- 
motors were x>liieed side by side in an iron 
tank containing some 75 litres of water 
which was carefully stirred. T'^ho dilfereruies 
hotwoen tho tomperaturivs, as eahmlated hy 
Callendar’s quadratic formula with L474 
and as given hy tlie constant {iressure air 
thermometer, were of the order of 0*0 T’i this 
value of B was not, however, ohtaim^d hy 
direct calibration at the sulpliur point. 
The Kow Observatory auihorh-ies then took 
up the matter, and aftm* a study of some of 
tho charac.toi’iHti(%s of platinum - r(‘HiHtmie<^ 
thermometers luul been made by Orinitbs and 
others, re(j nosh'd th<i International BiuH^au of 
Weights ah<l Measnu's to (U)rnparo sevau'nl 
smdi diennomoters with tlu' nornud hydrogen 
scale, IJum on (h^posit at ilui Bur<‘au in tb<5 
form of (‘iglit menuiry tlnuTnonudiers, as 
nKudionod in pree('ding panigraidis of this 
H(M3iion. 

^ Ii'or rmtlu'r (lelalls s('(' Pk' arPeh* on 'MU'slHljnnni 
Tlu'rmoni(‘<i('r,s ” ; also /VoV. Trava. Jtoy. >io(\ A, IKH7, 
clxxviii. 


Tho jjhui was a.gr<'(‘d to, and eonipariHoim 
made by (4mpf>uiH atid llni'ker (21) w<'i'<> 
publisluHl in 1902. (biujairisons won' imuh^ in 
the range 23" to 100" htdaviH'ii two plaliumn- 
n^sistanee tlKU’inonu'Pu'S a.ml the sPuidard 
mereiny th(u‘mom<'l(M‘s. It was humd that 
temperatures in(i<M*polu.i(‘d by m('a.ns of 
Oallondaff’s (pnvdratie. forinuhi bnH<‘d on 
calibrations at i(as st(ann, ainl sulpiiur 
points doviatcal from tlu^ triu' t(unp(M'a^n^(^ 
by about 0-02" or 0*03" at most (di'ix'nding 
upon th(^ value aHHunual for Uu^ Hul{)Iiur 
l)oiling-f)()iut), 'riio deviations W(u’(' not, 
however, haphamrd and a(U‘idenliU.l ; Iho 
agreement was not wholly Ha.(iHfa,(d-ory, and 
was ovuhnitly not so regarde<l by tlu^ 
authors. 

Except ft)r tlu' itivestigations of (^alhmdnr 
and <h‘inithH in 1891, and tins eomparisoit hy 
01iap])uiH a,nd llarluM*, no ('xaet (unnparison 
of the platinum-resistance tluu'inotneler at 
tern [)oratu res hitAveeu 0" and 100" has (^ve^ 
been made (Mtluir directly with a gas-tlunatio- 
moter or indiretdJy through a single inter- 
modiary. The seeoudary indircHit eomparisons 
made by (b’iniths (50) in 1893, Waidiuw and 
Mallory (124) in 1898, and by Dickinson, 
Waklner, ancl Mtieller (43, 121) in 1907, how- 
ever, gave what an^ pr()l)ahly monb pinciMo 
nwulfcs than tlu^ prinia^ry indirect compansou 
hy (IhappuiH and Ilarlau’, or the origiiud <lirtud» 
work of ( ■allendar and (irillililiH, and nnist b(‘ 
considerc'd tlu^ rc^al basis for (umlhh'ms' in Dus 
platimirn-nsHislaiua' s(ud<' b('lA\‘<M'n 0" and 100". 
Y(st iioius of tlu'H(s (sompaj'isons wa, rnuds Dus 
stat-einent lhati the re^sislainef^ Duu’inonH‘((‘r 
(uilihrated a.t ie,(s H(.(aMn, and sulphur points 
is known with em'tainly to r('prod^^e(^ tlus 
normal hy<lrogen scale within 0*01". 

§(30) HUMMAllY KORTHM KiAN(IH0"TO 100", 
(i.) Mmmrial ami ItmiMam'v, Thvrmomvirih 
— Although tius normal hydrogen seale, as 
repnwmted hy a s(4 of rrm' dnr thermoimsters 
at the International Bunaui, Is still Die only 
international standard of tenpieratuu', it lias 
in recent years Ixs'n h'Hs g('n('raf ly (MnpIoy('<l in 
(s>nH(M(uen(Hi of Dus in<u'<sa.sing nsi* of and eon- 
lideiuu' in Du' platinnm-i'('HiH(,a.ne(s Duu’inonu'ler 
and Dus d(‘in()nHtrut('(l varia.hilil.y of fui'i’cniry in- 
glass s(sales (52). 3’hnH tius IPsieliManHlall. ( 125) 
h:iH oni(‘inlly aiunoniussd ils nbaiuloiimenl. of 
tlus gas-tlu'i’inoim U'r as a fuiulnnu'ntal t'xpeiT 
nuMilal slu.iulard, and its ado(d/u>n of Du^ re* 
sist-a.fUH' Dusrmotn<‘{(sr ((’aliltrapsd a(- i<M'. spsam. 
and salphnr (mints, aiul having (M'rtain liniiDng 
values*** for its (‘onstants) as Os fmnlamenlal 
t(sni(u'ra.( tins scale hu' (uirposea of <‘(*rDlifat ion, 
from ,39" to 1 -145". 

Donli<hsne(s in Du' resisiaiua' Du'rmonu'ler 

" uuutl. h<‘ not iraa Pian 1*;ISS (iiul miiaf. 

!»(' not Krcjper than wlwn Pii' hollinr, (lohU of 

Hnl[)luir 1 h (.aivcn aa 1 1 l-aa | n-onos 0 > Viup 
-0*000047 (p -700)». 
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huH bivd by ils rofivcnivnr.e and precision 
ral.lHM’ than by iI.h (l(nnoiiHtrat(Ml a{j;roonient 
\vi(L nornnd hydi’opieii H(^al(\ for tho 

d(nuouHti'atioii in tlu^ van^(' O'" to really 
n\stH upon two or tlireo relaUv(4y indirec.t 
(“()iupa.riHonM witJi t.In^ aid of nieremy tiier- 
m()inet<(M’H. 'Phe H(aM)n(bdei»reo e(| nation for 
platinum r('Hintaii('('> (U'paiin ho raduadly from 
tru(^ t(Mn{»eratur(‘H b(4o\r ()*’ (hat Homo deparli- 
uro, (^v(al thouiL^h Hinall, in rather to bo 
<'Xp(H'.(.(‘d )vbov(') (V. out looHO eomi))lotely 
from tiu'' ^a,H-tli(‘rmom(d.(M*, (iuM'C'fore, hchmuh to 
iihe wril.<M’.s a Hiep haokward toward iiio dayw 
of <Mn{)iri(aii and a.rbi(,i'aiy thermoinetorH and 
thermomet-rio H(‘al(^H, for ho Pittlo L known 
eifiuu' a,l)ou(( th(^ fundamental lawn of (doctrical 
(‘ondnetion in nud.alH and tho effect of 
im[)U!’i(i<'H (iu‘r(M)n, or about the purilication 
and analyniH of plathium, tliat a new and 
mu^xptHited impurity in plathnim HupjdieH 
eoidd (MiHily introdue<^ much o.onfuHion into 
(.ho thermome(.rie Hi(.ua(.ion. No ohjectiou, 
liovV(W(>r. (amid ma<l(^ (o (li<^ ado))(.ion of 
pa.r(ieular plaiinnm-roHiHliama'i th(M’m()m('(.orH, 
(h^poHiicMl ai. a naiional Htandai’diHinfj; hihora- 
(,ory, an H(M'onda,i\v HlaimhirdH to roiplacan 
H<io(Hida.ry imu’cnriai .s(.a.uda.r(lH. 

(ii.) 77a7*/aoro///;/r.s’. No <i:('n(U’al ('(( nation 
foi’ Uiuy (.h(U’mocouj)l(', (‘ompanihle with that 
for tho roHiHt-aiUH^ th(U’monud.er, IniH Imen 
d('Velopt'<l« Ibdiaimo in phnunl ra.thor upon 
tahlt^H of N.M.F. and itMtiix'raturo (aH in done 
in (.la's oaH(^ of nsHiHlanet'i tluu'monuHtry Ixdow 

40")» u.nd tho doviationH of any particular 
(.hormo-(4(muMdi from the wtandard table are 
d(di(M'mined by ejilihration at (ix(xl poiats. 

(iii.) Ah';mi5 l^olntn. For l.hoH(' who do not 
wImIi to [)la(H^ full r(4ian<'(^ oitluu* upon the 
r('produ«nbili(y of platinum - ix^Hintaiuio (.her- 
monuderH (adihraled only at uas nteam, and 
Hidphur poinliH, or upon the n^produeihility of 
theianocouph'H ealihrated at i(H% nlcuirn, and 
Hoim^ oi.lu'r hi{i;h(M’ point, tlu' followinfi( fix(xl 
f)()inl.H air(^ a.vaila.hh^ as futnlam(m1;al repro- 
du(4l)l<> Hi-andardH (thouiiijh (he (('inpi'ratun^H 
aHcrilxxl lh(we(io may he cluing(Hl hy furtluw 
inv(^H(ip:ation) : 

Traunition tempcM’atnre Nai^iSO^ : NanSO^ . 
1011^0 : Holution, :i2*n84"(l I (Mion*’. 

dd’aiOHition. (.em[)eratnre MnCla . 4 : 

Mu(!la • : Holution, 584)89'' C. I O-OOhL 

VI. COMCARIHON OR (U.S-TUIORMOMMTKRH WnUI 
Smoonoarv Standardh in tiiio Kanoio 
27:1" TO 0" c. 

At (,<nnperatu r('H above 0" (t the gan- 
thermometer ban Hcddom Ixum lined for the 
dinxd meaHinxmnuit of temperature, and itn 
rAle luiH Ixum conlhnxl (io that of an ultimate 
Htandard agaiuHt whieh Htxxmdary Htandardn 
wtu’e eompanxl. I5elow 0'\ on the other 
hand, <^Hp(‘cially in tln^ [)ione(R* work on 


(be licj[iiefaction of gaacs, the use of gas- 
thtu-inometers for the direct measurement 
of temperature has been the rule rather than 
tho exception. 

Wo shall not iindortahe hero a discussion 
of all the iTsearc.hes in whieh gas-thermometers 
have been used as mea.suring instruments, 
but shall conhiie our attention to a few 
researcdics which have a direct bearing on 
tlicrmometry. 

§ (:U) PixwT) Points. — The following fixed 
points have hoeii made tho subject of investi- 
gation with gas-thermonicters with a view 
jiartieularly to their use as standard thermo- 
metric points : melting-point of mercury ; 
sublimation-point of carbon dioxide ; boiling- 
])oini.s t)f oxygen, nitrogen, hydrogen, and 
lieliimi. 

(i.) Melting-point of Mercury. — Ohappuis 
(25) in 1894 extended his comparisons of 
mercury ihormomotors with the normal 
hydrogen thermometer down to the freezing- 
point of nuM’cury, which ho thus determined 
to 1)0 - 28'8()". Henning (55) placed it at 

‘58*89", using [)latinum - resistance thermo- 
m(d(u*H as iiitcrmiHliari(‘H b(4.wccii tho mercury 
and a (xuiHiaut - volume hydrogen thormo- 
nioter. 

(ii.) H'uhliniation-poinl of Carbon Dioxide . — 
'Pbc tcm])crature of equilibrium betweim the 
solid and gaseous phases of carbon dioxide 
under a pressure of one at.rnosphore constitutes 
a fixed point that has boon much used in low- 
tein ])cratur('i rcHcai'ch. 

.Its f.empcraturc was placed by Kcgnault in 
1895 at - 78*2"; by Pictet in 1878 at -80^; 
by Villard and Jarry in 1895 at -70“; by 
.Ladenburg and Kriigcl in 1899 (hydrogen 
thermom<‘ter) at - 78*(5'^. 

A more exact detenninatioii, with a constant- 
volume liydrogcn therm oniotcr, was made in 
1991 by Jlolboru ((>()), who phmed the tempera- 
ture at -78*54“ for a mixture of alcohol and 
solid (Carbon dioxide. 

As usually mnployed, tho solid carbon 
dioxide is mixed witli ether or with alcohol 
in order to obtain uniformity and good 
c()nta(‘.t with the objeid to l)c cooled. If no 
al(!ohol or (4.hcr wove dissolvtxl in tho solid 
and if tho vajiour iircssures of those 
liquids W(U’e inappreiuahle in compariHon witli 
one atmoH(>luu’e, tlie tupiilihrium tem()erature 
would Ix^ unaiTecited hy tli(4r iiresencc. 
Mt»lboni looluxl into thiH ([ucstion parlicnilarly, 
and found that tho tcurqicrature of ])ure, dry, 
Holid COa in oquilihriiun with the gas at one 
atmosphere is • 78*44®, or 9* 10“ lower tlian 
that of the ahjohol mixtun^ This difTeroneo 
was (xinlirnuxl by Kaspar (71) in 1915. 

Henning (55) found hy tho static method, 
using ])latinnm - resistnmx^ as intermediary 
between pure (JOa and the constant-volume 
hydrogcin thormoimdxT, the value - 78*52”. 

5x 
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(iii.) Boiliiiij- point of Oxygen . — Ilio oarly 
(lotorniinationH (before 1 ()()()) l)y WroblewHki 
(127), Olszewski, Rstrcichcr (40), Rolborn and 
Wien, and Laclenburg and Kriigcl gave re- 
sults, referred to the hydrogen thcrinoinoter, 
which ranged from - 181 -0 to - 182-5(P. 

Holborn’s determinatit)n (00) in 1901, using 
a })latinuin -resistance thonnomoter as inter- 
nicdiary from a hydrogen thornioinotor, gave 
-182-7°. 

Baly’s scries of experiments (4) on tlie 
composition of the gaseous and liquid ])hascs 
in the system oxygen-nitrogem gave - 182-0° 
on the constant - pressuro hydrogen thermo- 
meter. Travers believes the I'osults to have 
been affected by a constant error causing the 
boiling-point to appear high. 

Dewar (41) in 1901 placed the !)oiling-])(>int 
at -182-5°, based on direct measurements 
with constant-volume hydrogen, oxygon, and 
helium thermometoi’s. 

Travers and Fox (112) in 1902 found - 182-2° 
on the scale of a constant-volunio oxygen 
thermometer filled at various initial ])rossurcs 
from 059 to 336 mm. and oxtra])olated to 
zero pressure. Travers, Sentcr, and Jaquoi'od 
(114) found that liquid oxygon easily super- 
heats as much as 1°, and a reliable Iku ling-point 
is obtained only if gas is bubbled through the 
liquid, or if the point is determined by the 
static method. Previous measurements might 
therefore be expected to ■()rove too high. 
Their final boiling-point (calculated from the 
published data, which arc given dircotly 
in absolute gas scale temperatures) is 
— 182-93° by the constant- volume hydrogen 
thermometer, and - 182-82° by the constant- 
volume helium thermometer, at initial press- 
ures of 845-975 mm. Their determinations 
were much more exact than any that had 
preceded. 

Another exact determination was made by 
Kamerlingh Dnmvs and Braak (92) iii 1908, 
using a platimnn-i’csistaneo ilionnotnebu' as 
intermediary between the boiling oxyg(’'n a.nd 
two constant-volume hydrogen thermonieb'rs, 
which agreed to within 0-04”. The boiling- 
point is placed at - 182-04 I 0-02° on the 
normal hydrogen scale, or -182-99° on the 
centigrade thormodynamie S(!ale. 

The most recent detorniinaiion was by 
Kenning (55) in 1914. Using platinuni- 
rcsistanco thermometers previously eompannl 
with a constant- volume hydrogciu thonnometcir, 
he found the value ~ 18*2-01°, or - 182-97° (t. 
This is ill ('xifcllent agreement with the 
pr(3eeding valium 

(iv.) Other Fixed Paint, ‘i.— While a discussion 
of the hoiling-poiiiis of nitrogiMi, hydrogen, 
and h('iliuni, n,H well as of oilxu’ low-temixiraturc 
fioints whicfh have been suggc'shnl as thermo- 
metric standards, might properly form a part 
of this so(dion, tiny liave beim fully covered 


elsewhere,’ so that (luu’e is no ikhsI of (lu|)li<‘al- 
iiig the diseiission lus’c*. \\\^ could only 
urge that, wluai tlu'se data. a,r(‘ luang eonsidiuHMl 
from the standpoint of fundamental tln'rino- 
metry, ea.ro be (nilam to dislinguisb Ibose 
(.letenn illations whii^h art^ nmd(^ by diri'ct, or 
indii’cet (X)iupa,rison with a gas-tlu'rnuniKqi'r 
from thosi'i which ari^ basial on Mi'condary 
standards or siM-ondaiiy (ixcal iioints ; t hey 
should not. lie indiscrimiruiti'ly lumpiMl togi'tlu'r 
without any indication as to tluar digriH^ of 
inde])endenee, as is too oftini done in t.a,l)U^H 
of pliysii^al eonstants. 

§ (32) TmOHMAli buOIM'JRTlKH. (i.) ]dipiKir 
J^rc.^.<n(re. of Oxygen . — Stoid; and Nielsen (116) 
in 19()() deserilu'd a low-tmnpiu'aturc^ tlusano- 
meter using the vapour pn'Nsun^ of liquid 
oxygen. The fundanumtal data for sueli a. 
thernionieter have been proviihul by tlu^ 
vapour pressure ineaHurement.H of Onnes and 
Braalc, and Kenning, in which temp(u‘atures 
wore measured with hydrogiut oi’ helium gas- 
thernu) meters. 

Possessing some of the disadvaniagi^ri of 
ga.H-thcrmo meter, this vapour- pressure ther- 
mometer has not been widely used as a 
secondary standard, sine(3 invesiigatoi's luive 
usually preferred a secsondary thmanonieter of 
smaller volume and easiiu’ numipiiintion. 

§(33) (lOMUI NATION Or’I'lIIORMAI. BkoI'MUTI KS 
AND Fixioi) Points, (i.) Fxpatn^ion of i]/nrin\i/ 
in Ohm . — The work of (happuis on (he 
comparison of mercury tiuuanouudors v\’ith ( he 
hydrogen th(‘rmome>(i(u\ alnvidy rt^lVrriMl to iu 
the [ireceding siu'tion, eoviuHsl tlu^ raiigi' down 
to -24''U Pour standard thermonu'tiM’s of 
the Intermitional Bureau, Nos. *1179, *1*180, 
4481, and ‘bt82, are the (h'jiositoih'H, so to 
speak, of this part of the international hydrogiMi 
scale. Uhappuis' comiiarisons indiea.te that 
other mercury thermoni(‘terH, made of glass 
similar to the *‘v(U’re dur ” standards and cali- 
brated a.t 0” and 100”, can riqu'oduce tlu*^ 
normal hyilrogiui scah^ hi'twiaui 0” a,iul 21” 
within 0-01”. 

(ii.) Fxpan,^ion ofOnjonie /n’g((id,sin OYf/.v.v. 
Kolhorn ((>0) (M)iupaired tlu^ petrohMiin <^th(*i’' 
in-gla.ss th(U’moin<>lor with tJu^ nitrogiui 
thermometm’ t.o 190” a.nd mIiouimI that. it. 
could he us<mI for nKMiHunMuonls with an 
ae.curacy of I”, but dilliiudtii-H with tlu^ 
monismis a.n<l tlu^ adlu'nMua^ of liipu'd to ihe 
walls hav(s priwuMitixl tlu^ usi^ of this aiul 
similar thm’mometi'rs (piMitaius lohuMU', ah’o- 
hoi) for acmiralo th(u*momet ry. 

(iii.) F/erlxiral H(ni,Ht(tne(> of Phttinnm Il'/rc, 
" -Early in vestiigahionH by Dewai'aiul Mmiiing 
and by Olszewski ga.vu^ rahluM* vaihibh' di'via.*- 
tions bet.wiMui tlu^ t.mnpm'ntun^ I'Xlrnpolatml 
l>y means of t.he r('Hist.anc(' of platinum ami tlu^ 
true tern piM'a. turn. 2’liiM variability wa.s prob- 
ably dm' to impun' nu^tal. 

’ Hce artlrh' on “ IhuK'farllon of OaMcH.'* 
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llolboi’M find (OS) in 181)0 made the 

iir.st' ri'al (‘oinpjin.scm of iho rnotku'n plaMnum- 
rcMiHliiituH' (luM'monu‘i(M’ with a pis - tluwnio- 
nu'(.<‘r. d'luMi’ r(‘wiHt;an(H^ ilHn'iuoinokM's were in 
Nonu' eaH<'s seahal direetly into the p^lass Imlh 
of Mu^ liydrop'U tiu'riuomoti'r, and, in otliers, 
plaoi^d nlonjj;Hid('i tln^ bull). Coinparisous at 
variouM leinjx'raturas Ixdween ■ 18'" and 

11)0'* indieaOMl that tlu^ resistance of the 
wirct eouhl ho ro|)n‘S(a»ted in terms of t hy a 
H('eon(l-d('^n'(M^ (apiat-ion, with an accuracy 
of 1". 

( ^)n( inning ibis work in 11)01, Holhorn 
showcsl Miat ilu' ( *a.llendar (puidratic formula 
for a. plai-innni ^'(‘sistianee l liermonudor, eali- 
hr/ii('d at llu' ice, slicam, mid sulphur poinla 
in tlu' usual nuimnu*, gives (lie hydrogeii- 
I luM’inonuder (.(uuperatiure at "-78*' within 
Odh’*. hut is i2" off at -11)0*". 

A sinillar (‘omfiarison was made in 1002 1004 
hy Mi'ilink (81, 82) at Binden, wlio showed hy 
nnaiHuromenlM at various poiniis hetwi'cn -51" 
and ' 210'’ (hat the repivsiadation of the 
rosistimna' hy a. (puidrade formula. (lm.s<‘(l only 
on points h<h>w O' ) is only (aM'inissihlc wlnai 
(.h(‘ (hisii’ed aisaira.cy is less (ha.n 0-2", a,nd then | 
only down (o 107". Eor an a.ecuracy of 
O'OiV down (o 107" a euhic formula is 
riMpiii’ial, with ('alihrjitions na^omnumded at 
a.t liavst six [mints. 

binding the gas-thermonuder rather cum- 
hrouM (hr tlu‘ir lovv-lmnjKM’aiure work, OVavers 
and (LvyiM* (110) in 1005 undertook a re- 
('\a,inina(ion of tiu' depencknice of platinum 
ri'Hist.aiKH) on temperature l)(4ow O'". As 
Ixd'ore, the Calleiidar (piadratic formula 
(‘Ntra-pohition proviwl to he low both at - 78" 
and ■ 100". hi ordm' to obtain a formula 
wliieh would yield hydrogen-scale tempera- 
(nrcH, (h« term d in (lalkaidar's formula, 
wdii(‘fi luiH a valne of about 1*50 above 0", 
lijul (.0 h<< ma.(le h84 (.o hOO, O’luH variability 
in (In' valiu' of f5 (('([uivalent to considerable 
(hwiahons from a (puidratii' formula) led them 
(,o conehidi' that (he phitinum - resistamn 
(htwinonn'icr eoidd only he used for interpola- 
tion hi'tvvtHMi li.xed poin(.s, and not for extra- 
polation or for tfie independent deliiiition of a 
Hcalc'. 

An invi'st.igation of higher accuracy than 
liad y<‘t h('('n maih' on (h(‘. plahmnii -resistance 
(.InM'inouK'iiu’ a.t low (.{'niperaitures was carried 
out hy Ka.mm'lingh Omu'S and (lay (1)4) in 
11)0(1. ' Mi'a.Hnring the temperatun' at thirteen 
points hetwei'ii 80'' and ■ 251)" with a 
eonstiint-volunie hydrogmi thermometer whose 
a.iu'uracy was <'H(hua(.<vi a.(i 0*02'’, they found 
tha.t (he reHiH(a.nee of the [ilathium wire used 
eould he satisfaetorily represented only hy a 
cubic formulji to whicli was addixl also 
reeiproeal powers of (.he a/hsolute t('mp('ira- 
ture, 

Ah tlu' use of so eumhrons a formula is 


impractical, rosistancc-tliermomctrio ])ractice 
soon settled down to the use of a standard 
table of resisiances and temperatures, devia- 
tions from which iiiiglit be determined for 
any lairtieuiar plaihnim - resistance thermo- 
meter. Kamerlingh Omies, Braak, and Clay 
(1)8) considered in 1007 that the definition of 
a low timijierature hy a single determination 
on a standardised [ilatinum -resistance thermo- 
nu'ter has about the same probable error 
as a determination on the constant-volume 
hydrogen thermometer, namely, 0*02° or less. 

4Mie most reconi. oxac*t dedermination of the 
relation is that hy Henning (53, 54) in 1913. 
lie used a constant-volume liydrogen thermo- 
meter with glass bulb, at initial pressures 
of 740 and 822 mm. The Oallendar quadratic 
formula 'was found to hold down to -40", 
hut gavei temperatnros which wore ()-()8° low 
at - 78", and rapidly increased its deviation 
Ixdow iliat temperature. DHTcrent platinum 
thermometers were found to give “ j)latinum 
(){'mpera.liurcH ” which dilTered by as much as 
0*50". 'Pheir tabulated indications could, 
howawer, hi' reduct'd to tliose of one standard 
platinum tlieruiouu'tm’ by int'ans of a dif- 
tVrmico formula” (siiuilar to one originally 
suggested by Nernst.), of the form 

-('Ivih} ■“ 10 ())> 

in which f>^ is the “ platinum temperature ” 
of the standard, and c a constant of the now 
thermometer. Act'ordiiig to Henning’s data, 
conqiarison of a new thermomoier with the 
standard at one low temperaturo, such as that 
of litpiid air, dotcrmines o with sufliciont 
accuracy. 

The (iidiculty of dolluing a low-tomporaturo 
scale based on resistance of ])latinum is 
recognised in the Reichsanstalt’s tliermometric 
doliiiitions adopted in 1915 (125), in which the 
tcnificraturo scale below -39" is “ d(4incd by 
the platinum - resistaiico thermometer which 
Henning has compared with the hydrogen 
tli(u'mom(d.er.” 4’his is tlio only one of the 
(h'linitions which is based on a jiarticular 
existing instrument. 

(iv.) Kki'tncal HoMMance of (hid If ire. — 
TIu^ gold - rosistarn'o thermometer has char- 
acteristics v('ry miu'h, like those of the 
plal-inum thm-mometer. It has, furthermore, 
(•('riuin adva.ntag('H ovi'r platinum for low- 
(.emperature work ; it in obtainable commer- 
ciu-lly in nnu'h liighm' [lurity than platinum, 
has a resisbuico-teniiiornture c.urvo which is 
better adafitod to interpolation than platinum, 
and has a lower iiilloction point in the resistance 
curve. 

Kaiiierlingh Oniies and (tay (95) marlo in 
19()() a. very <‘xact comiiarison of the re.sistance 
of pure gold wire with that of ji standard 
platinum thermomi'tcM’, and continued the 
work in 1907 (90) hy studying the clfcct of 
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small amounts of impurities ou tho (^luir- 
actoristio constants of tho wire. 

(v.) lUcctrical Itmstance of other ^feUlh . — 
Tho cloctrical rcsistanoo of morenny, silver, 
bismuth, lead, and tin lias boon measured 
at various low temperatures determiiiod l)y 
gas-thermomoters, and wires of these metals 
liavo then been used as secondary thermo- 
metersd 

(vi.) The Thermocouple ClouManian : Iron. 
— This couple was first compared with tho 
hydrogon thormomoter by Uolborn and Wien 
(G8), who found from measurements at -78'’ 
and -190° that tho MM. P. could be satis- 
factorily represented by a quadratic formula 
if the conataiitan was homogeneous. Inhomo- 
geneous wire varied as much as 2^’ from tho 
normal. Ladenhurg and Ivriigel (7(>) in 1899, 
from raoasuremonts at four points with a 
hydrogon thermometer, found a third-dogreo 
equation necessary to represent tho results 
within 1° from 0 to — 190°. 

The couple was further studied hy Kamor- 
lingh Onnos and Grommolin (98) in 1900, 
who compared it with a constant - volume 
hydrogon thermometer at various points 
between -30° and -259°. Down to -217° 
the E.M.E. could be represented by a four-term 
formula, which could bo ostablisliod for a now 
element by calibration at four fixed points. 
No formula was devised which would represent 
the entire range accurately, 

(vii.) Other Therniocouph’i. — Dewar in 1905 
showed that tho couple platinum : silver was 
suitable for measurements of temi)oraturo 
below -250°, whore tho resistance thermo- 
meter becomes relatively insensitive. 

The couple gold : silver, though not sonsitivo 
at 0°, increases rapidly in sonsitivenoss at 
low temperatures, and is bettor than either 
conatantan : iron or platinum : Clorinan-HiIv(5r 
(42) below —200°. Tho gold : silver couple was 
investigated hy Kamoiiingh Oiuies and (‘lay 
(97) in 1908. 

§ (34) SUMMAUY Jb’OU TllH Ranc) K - 273° TO 0°. 
(i.) Fixed Points, — Tho following lixcul ])ointH 
have been determined hy nieaHuroment with 
gas-thormometers and form a r<4iablo basis 
for the establishment and maintenam^o of th<^ 
low - tomporatiiro ccutigrado th(n'modynami (5 
scale : 


Mdlting-poiiil: of uuu’c.iuy -SS’Drl-.O’Ofi" 

SubiiniJitioii pniul, of) 

carbon (lioxl<io f “ 78 -I- 0*010 (p - nil)) J 0‘0/i 
IJoUing-poiia of oxygen - ISIbO-f-O-OiyO (-ji- 700).*l„0*0b" 
Boiling-poinl; oriiydrogon M)*00r) (?>- 700)-i-0*0fi'’ 


(ii.) RcMstance Thcruin}n(\ters and Thernnh 
elements. — })Iatiniim-roBiHtan(!e themio- 
motor oalihi’atnd at ic(‘, stcfim, and snlpluir 
points will give t(bni)oratur(w accurate to 
0-03° down to ih^low tlmt iouipora- 

turo iulditional caIi()rations are rn'Kasssary and 


‘ 8cc artlcli* on “ lU'slHtaiuHi ThenuometerH.'' 


re(M)urse nutst Ih*! had to a staridard (abh^ of 
resistancu^ and t(nnp(U’a4ur(\ with lh<^ aid of 
which it is pitssibh^ (o nuMisun^ (.(snptM’ntun^ 
at -200" within 0-05'’ or hm (\oU\ is 
])referabl('i to [>hitinnm Isdow 200". Ih'low 
-250" both ar(^ ndativi'ly inM(MiNitiv(^ ; man- 
gaiiin or constantaji may Ix^ uh(h 1 in this 
region, 

Thenno-(^lem<‘ntH of conslnntan ; iron, {)laU- 
num : silver, gold : silver, and otlnu’ combina,^ 
tions, may used ov(n‘ various [larts of tIl<^ 
range with the aid of stain lai'(liH(xl table's. 
Their sensitive'tn^ss varie'S greatly and tin' 
data cannot Ix^ brielly summarise'd. 

VII. (-oMeAiirsoN of (1am-th i':umommtki{H 

WITH Hl'HIONOAItY kSTANDAUUS IN TIIM 

Ranuk 100" TO 500" 

§ (35) Kixmd TMMiMfluATURMS.*' We sluill cou- 
sulor hero the fixed temperatures whieh have 
been the subjoe.t of eomparison wUh gas- 
thermoinotors, (dther dirtad.ly or through tln^ 
intermediary of some tompin'aiure-indiinvting 
dovioo whereby tho temperature was directly 
transforrod without referenee to ilio d(wi(x> 
ns an indopondently operating tlu'rmonn'hu’. 

(i.) Melting-point of — No nn'liing- 
pointfl ol* metals have been determined diri'chly 
by measurement witli a. gas-tlna'inonudin’. 
Tho nearest to a diri'et (h'tenniuation that 
has been mad(^ is Day and Sosnnnrs (h'tennina- 
tion of the melting-point, of ziin^ by what niip;ht. 
be oalhxl a. ‘‘ substitution " nntbod (35). 
temperatuni of a. stiiTi'd nit.rati^ Ixilb was brst. 
measunxl nea,r <119" with a. eonstant "Volume 
uitrogim tlierinonuder at initial j)r('MHni'<\ 
500 mm., to tln^ bulb of which ihri'o thi'rmo- 
couples win’i*! att.a,(Gnxl. ‘flie tlu'rinonn'ti'i’ 
bulb was then r(>plae('d hy a sttx'l vessi'l of tin' 
same shajie, eoutalning a. ('hai'gi^ of yine in a 
gniphite enicihh', with oni' of the t.lircc' tliornio- 
eouples iinnicsrsi'd in tln^ metal (this oin' having 
been previously at tln^ ceutn^ of tln^ bulb in 
I a re-entrant t.ube). bTi' nn'ltin/';- poini Urns 
ch'lii'i'iniued was *1 19*28". 

An indinx't (h'terrnination, using platinum ; 
platinrbodium tln'riuoeouph's as in(('!’mediat'i<'H, 
was made hy Day and iSosimm (37) in 1910, 
in <‘.oime<‘tion with a, Hen(‘s from -100" to IhoO", 
and ga.V(* tin'' valiU' *118*2" on the couaiant" 
volume nitrogen seah'. Snhm'qiu'ut inveatiga^ 
tions, howev<u\ shows'd that the lach of uni 
formity in the nir-hath dcsigmxl and uiu'd for 
thci lugli-ti'iupci’at ure Hct’ii'H (‘aus('d low readings 
at 409", nlt'hongli tin' diUVri'iici' <li;iapp<'ar(‘d 
above 930". N<» w<'ight. is attai'ln'd, tln'roforc, 

to tho limt vahn' of *1 1 8*2. 

(ii.) liollimppoiuts of Xuplithalmiv, Oiphvnpf 
anti tU'n'iophvnonv. 3'ln^ only diri'cl di'li'miina - 
tions of t.ln’si' points arc tinxu' Ity .laqm'rod 
and Wassmer (73) in 190-1, and (‘rafts (:ii3) in 
1913, tlaqiU'rod and \VaHnnn*r nuMisurcd the 



863 


I’KMVKIUTnRE. REALfSATrON OR ABSOLUTE SCALE OE 


iMiiliuj-l-poiiitu vjU’iouK |>r('iH,sur(‘H by 

nuNum <»l‘ ('oiiMl-anii-voluDK^ hydrof^^eii ihornu*)- 
iu(^<<‘r with jH'hisH bulb, obtaiuiiiji; the following 
boiling- point'H uiuhn' atniiOH|)luu’i(! ju'chhuvo : 

Nu|)ld,lmJoM(‘ . . 2I7-1;H ’ 1 ()«()r)7 (/)- TbO) 

ihpiK'uyi . . . :ir>‘i •();{" I 0-001 (/j - 7(>(>) 

iion/AtpiKMioiu' . , oon-i-i" I o-o(;:{ 700) 

A laii<'r <l('(i(M'miuatiou on naphthalcno by 
.Ia(|iU'ro(l and Porroi (72), witk a. couHtani- 
voluuu' bydrog(')n iboi’monuder with fuHod 
Nilioa bulb, gav(^ 2l7'S‘t'’ at 7(50. 

(hufiiH (h'Uu'iniiHHl tho boiling-point of 
nnpldludcMU' dina^t.ly on tla^ couHtant-voluino 
nii.rog(‘n duu'iuonudior at iiuiud proHHuro 
7.">7 miu., obtaining tlu^ value 21K-0(V’. 

Day and bloHinan (Ob) tnade an indirect 
(h^ttu'iuiiudion of the bon/iophenone point in 
H)12, by tra^uKl'er with thernioeouplcH- Tho 
boiling-point on th<^ couHtant-voluine iutrog(ni 
H(nil('i at initial proHHuro bOO nnn. waa found 
to b(^ ;i0b-H7''. 

(iv.) /ioiliUij-jXHul of ’’riu^ boiling- 

point of Hulphur luiH Ikmmi a rallying-point f<tr 
ail g:uH-t'h<‘i'ni(nn(^(i(M’ invu'Hliigatoi’H working in 
(iln^ range 10(V' to bOO". d'ho dc't.orininationH 
l)(0'or(' liSOO w(‘r(^ not Hullliei('ntly a.('.cund'(’) to 
r<Mpnr('' diHcusHion h('r('. In 1800 (hlUnubir 
and (IrinilliK (It)) (hdonniiUHl tho p<unt in- 
<lireotly, with tlu^ phitinuni-roHiHtanoo thor- 
inoinotor aa intiiu’tnodiary. (Oiappuia and 
llark(w (24) dokuMuiuod it in tho aanio inannor 
in H)02. IhiniorfopouloH (*17) ruade a diroot 
d(d(uMnination in U)0H. Auotluu’ indiroet 
dtdtuMuination with a platinum -ivaiatanco 
internuMliary waa made by Ilolhorn and 
U(MinitJg ((M) in Ibll. Pinally, direct dottu*- 
minationa w('ro made by Day and Soanian (Jib) 
in 11)12, by Kumorfopouloa (-18) in 1914, and 
by ( happuia (22) in 1917; and an indirect 
(hderinination by Diekiimon and Muollor in 
1912 in eo-op(U’ath)n with Day and HoHtnan, 
iming Day and SoHinaira nitrogen thonnornotor 

m 

Both oouHtant-pn^HHun^ atul (‘.ouHtant-voIurno 
tluM’nionudorH have bo(‘n uHod in dotonnining 
tho poitdi. ddio gaHOH omployod and thoir 
itutial pr<'HHur(^H, togotfluu* with tho (inal roHulta 
ealeulaUal in torniH of H0V(U’al HoaloH with tho 
aid of Ihu^kinghani’H oorroetiouH, aro bIiowd 
in Tabh^ 9. 

d’ho valium by (ihappuin juul Ilarkor wan 
MubH(^qu<Hd.ly eorn^diod by tho authorH thoin- 
H(dvoH in vi<nv of now an<l more aeouraio 
thderndnationM of tJio (^xpaiimion ooi^dioiont of 
thoir porcudain bulb. Tho vaUu^ by Dumorfo- 
poidoH in 190S waH e.oriHH'tod by (hlhnnlar and 
Mohh (20) in 1910 witli tho aid of new <l(dnr- 
ininaiti(mH of tho ('ixpauHion of moreairy, unoid 
by IhnnorfopouloH to (d)tain tlu^ c^xpauHion 
of luH glaHH bidb, Tho dotornu’natioim by 
IhunorfopouloH in, 191*1 wore made with tho 
et)nHtant-proHHuro nitrog(m thormomotor at 
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two prcHHiU’CH, 792 and 415 niin., and tluns 
pornuticd a diroot oalcuilaiion of tha tlicrnio- 
dyiiainio toinporaturc, wliicli tbo aiitlior placew 
at 444-()l“. However, to avoid eoiifuftiou 
ill the eom])ariHotiH in th(> table, wo have UHod 
a nnit’orin act of correetiona for thoHC aa well 
as the other deterininationa. 

It ia now fairly eertaiu that the lirat three 
cletcrminatioiia in the table are too hi^h. 
By an uncx])ected coincidence the original 
Callendar value on the (K)nMant-prp.ssu.rc air 
acale ia practically the Hanio aa the value on 
the thermodynamic acalo now moat widely UHcd, 
but it ahould be ein})hasiaed, in order to avoid 
possible confusion, that this ia a ccnncident'.e 
and not an agrooment. 

§ (36) Combination oxi' T xikrmal lhioi*KRTXwa 
AND hhxEO Points, (i.) Electrical JicMdance 
of Platinum, Wire. — The experimenia of 
Callendar (16) in 1886 showed that the 
platinum-resistance thermometer could bo 
made a very precise and convenient aee.ondary 
thermometer. Ho used a conatant-volumo 
air thermometer, at an initial proaaure of 
about 1 atmosphere, with soft glass, hard 
glass, and xiorcelain bulbs, and doterniincd 
the resiatance of jilatinum wires, which were 
sealed into the glass bulbs, at various tcm]>ora- 
turos from 207° to 624° (671° with 2 )orcelain 
bulb), together with a few chock results in a 
preliminary series at lower tomixcraturos. The 
results as a whole showed that the resistance 
could be expressed by the quadratic formula : 

^ = 1 4- ai -t 

ivo 


wMch was put into the form, more convenient 
for calculation and use, of the two equations : 


tjn = 100 X 


R-R„ 


and I 


* ' 1 
lOOj 


The comparison made in 1801 by Callendar 
and GrifUtha (19) has been referred to in § (20) 
ii. Excej)t in threx^ c,asca the agreenuMit witli 
the constant pressure air thcrnioiuetor was 
within 0-012°. 

A further exact teat of the jdatiuuin-reaiat- 
anco formula was made by Obappuia and 
Harker (24) in 1002. Having found that the 
presauro of hydrogiMi in a glaas bulb doc.roased 
progreaaividy at 180° nud Ivigher, Hio authora 
abandoned hydrogim and used nitrogen at 
initial preaHures of 302 to 703 rnin. Oiu^ 
serioH was alao madci with a ponudain bulb. 
ThrcH’) roaiataiU‘(^ thermonudera W(U'(' used. Ah 
a result of (iompariaons at a large tiumbcip of 
])()inta, it appeared tlmii the Callendar formula 
would r(q)i'(wmt the true tern piva. Hire within 
()-l° heivmm 100° and 250°, and within 0-3° 
between 250° and 450°. The authors eon- 1 


servatively staUMl Ihat. rig(»roua eoneluahma 
eaimot be drawn eonem’ning Hu' appHi-ation 
of the (tilloudar nudhod to t.h<‘ ealibralion of 
platinum tliermonudimu IHirtlim’ (‘ompariaona 
are needed with Hie gaa thermonudiM' and of 
variouH reaisbinco (iuumionuditM’H with <'n<di 
other.” 

The desired reeompariaon was not eom- 
pleiely forthcoming until 1011, wlum llolborn 
and lleuning (64) publialuMl (ludi* work on 
nitr()g(Mi, hydrogen, and helium ilun’iuonudiM’s 
from 200" to 150", although comparisons at 
150" and 200'' W(U'<‘ pulilished by tlu^ao authors 
((53) in 1008. 

The 1908 comparisons abowtsl that, wlum 
tlio sulphur point was taken aa 445-0", lemptMu- 
turea near 150" and 200", intcM’polaUHl by the 
rosiataiuKi theimiomeHu', agi'csMl with Hh‘ 
eentigra<l(' thermodyiiamie Health wiHnn 0-05". 
Reealeulation on the basis of 444-55" for the 
sulphur point, however, makes the deviations 
0-04" to 0-07" larger, but still h^ivea the averag(5 
agrooment within O-l". 

In the 1011 eomparisona dilTereiU'ea of 0-05" 
to 0-11° were found between ludba of tieua 
glass and fused siliea containing nitrogen, but 
those differences wore ascribed to nueortaJxity 
in the cxjiansion of the .lena glaas. d’he nitro- 
gon-in-siUea tcniiieratures dilTcM’etl from thoa<^ 
with helium and hydrogxm by abouif the 
amount to bo expected from Bm-tludoCa and 
Buckingham’s gas-thennoimdier eoiTtHitions. 
Taking the Hmipm’atures obtuhu‘d udHi 
hydrogen and ludium in glaas and silii'a- as 
standard, therefore, it appc'iiixsl lhali tlu's(’' 
temjioraturcH eould b(^ inHu’polated with an 
accuracy within 0-03" at 200" and 0-05" al^ 
400° with the aid of the Callendar formula, 
and ealihration at ice, aieain, and sulphur 
points. 

(ii.) Platinum -metal, Tkermocoiipleff. Hol- 
born and I)ay (61) made in 1800 the first 
thorough-going comparison of tlu' platinum : 
00 platinum, JO rhodium couple with a gas- 
thermometer. They eonlinued the work in 
1000, revising tlie (Mirli('ir data with tlu' aid of 
new values for tlu*) (vxpanaioii of th<‘ hulhs. 
Their eomparisona with Hic; eoiialuxii-volumi^ 
nitrogen therniometiu’ ex(.(Mi(hMl from 105" up. 
It waa found poasihle to nqiri^Himl. tlu' H.M.IA 
in Hu'ius of HunjHM'atuiu'i hy an ('(pialion of lh<^ 


over th<‘ range 250" to 1 lOO", wil.h an ax-euraey 
of 1" or ladtor. A ainiilar formula lu4<l for 
eouploH of platinum: 00 pla.Hnum, 10 rulhe- 
nium and platinum : rhodium oviu* Hu' sanu' 
range. The eouph^ plallnum : iridium, how- 
(wer, deviated from this forimda h(4ow 400" 
hy s(‘veral degi'ims. 

nitrog(m-th('nnom(di(M’ eonipariHons hy 
Day, Chmient, and Wosman (36) (1008 1012) 
showed that a <|uadratie ('<piation wumhl riqirt'- 
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Hi'ul Ui(‘ E.M.h\ of tilu^ philininu : plaiiii- 
rhodiuru oimph' from to 1100“ vvilhin 

O'.’V . 

( iii.) ( 'oppvi'^ron^^litufan Thi'r>iion>t(i>l(\, — Al- 
(houji'li lluH couph^r has not. laxm (lirccl.ly (a)m- 
pai’<Ml with a p;a.H.t.lua*momotit'r at a of 

t(Mnp<a*aturi'M IxdAVoou 100“ and 500“, Adanm 
a.ntl Johnston (J) w<m’(^ al)l(s by utiliHinj^ tho 
nKaoan'c'imait.M of Day and Soaman in 1012 at 
J00“, iind hy nnamurinjL!; tlm E.M.E at lixod 
[joint-H which liad Inxm othci’wiw' interpolated, 
to show tiUat Du' tamph' will reproduco tompora- 
tnia^N la‘tw(Hm 100“ and 200“ with an accurac.y 
of 0‘t>2“. 

(iv.) I - Day and 
SoMinan (hden'iniiu'd the nudiinji!:- point of 
('(((Iniium hy interpolation with tlnn’inoconpleH 
enlihratiMl aj^^ainst the nit.rogcni thermometer. 

1 lot horn and Day, aft(M’ (adil>rating plati- 
nnin ; platinrhodinni thennoenmpleK againnt t he 
nitrogen tlunanoineteM' and obtaining tladr law 
of variurtion, nHenl tlu'ise eoupU^H a^s aerondary 
tiiermonu't(M‘H to d<d.(a'niin(^ tlu^ nudting-p“i*d>H 
of lead, a.int ::h\(\ 

llothorn a.nd Ihaming, after Ha.tiHfying t.lunn- 
H('lveH tliat tht'ir rcHiHla.nce t.herinom(‘tia\s, 
with the ('allendur formula., ga.v<^ (ronata.nt- 
volunu' hytlropyn and luhnim t.empera.tur(‘H 
wil li an accuracy of 0*02“ t.o 0*05“, interpolated 
th(^ nndt'ing pointH of lln, eadtnUim, and rdne, 
and the boiling- pih\t,H of mviddhtdeno and 
bv.nzoidienmv, with their nwatanee thenno- 
nnd.erH. 

CraftH (22) dedermined tlje hoiling-poinlH of 
iiapJitfadrne and henzophmoav, hy nieariH of 
m(nv.ury tlu'rinonnderH HtandardiHed against 
n. eonstanti-vobune hydrogam thernionveter, 
obtaining tln^ valucH 21H-0S" mid 20th 1“ re- 
Hpee,liv<'ly. 

In addition to tlu^ fon^going data, which 
nuiy lie cahiMl ‘U‘''>'»nvry ” interpolations, 
tilaMC lin.V(^ h(xm va.rious siwondary ” inter- 
pohdions of tixed points not. iliriH'-tly eomnahxl 
with any ga.sdh(n'moniei(‘r ohsm*vations, hnt 
based sohdy upon othm* fixed points which 
had heiMi di'im’iniiuxl hy means of gas-thermo- 
ineters, takmi in eonjnindh)n with a law of 
va.riation inaih^ proliahk^ hy still other gas- 
th(n*mom(d.m* observations. Siadi interpola- 
tions, including thosi^ hy Ibycxick and Neville 
(57), (ladmnlar a.nd (Iritiilhs (ID), Wahhun* an<l 
Burgess (122), d’ravm's ainl Dwytu* (112), and 
Adams and Johnston (2), aic, strictly speaking, 
out.sid(H th(' seopi^ of this arihdis hut are in- 
I’ludisl h(M'(^ for th<‘ sake of (“.oinpanson. All 
of the intm’polated data, togedher with tlu^ 
diriMit Uiiul indinad. gaiH-therinonn'tm* didcnnina,- 
tions, a.re c.on<H".t.{Ml in dhihh^ 10. 

§ (.27) TiirmiviAi. IhuiCMUTiiw. (i.) hid^ of 
drfraelloii <>f In 1805 D. Berthelot (10) 

HUggi^stcd timt th(^ density of a gas at a known 
pi’cHsuiV' (a.tanospluu'li^), a.nd h(MU‘.e its tc>inp<‘ra.- 
tur<s (umld hi^ did.t'rmined hy measuring its 


iud(^x of ref rac. lion. Tests of the method at 
the boiling-points of alcohol (78“), water, and 
aniline (184") gave deviations of 0-05" to 0-12° 
at 78", 0-02" to 0-12" at lOO", and 0-08" to 
0-22" at 184", from the known boiling-points 
of the.Me substances on the normal hydrogen 
scale. The method was therefore ct)nsidered 
promising enough to be extended to tein])era- 
tures above 500". A fuller discussion of it will 
he found in Part VI U. of this article. From 
the results given above it appears that in the 
range jmst above 100" the method is not as 
])r('i(;ise as mercurial or resistance ihermometry. 

(ii.) Total Radaitkoh of a Black Body . — 
Valentiner (115) has obtained values of cr, the 
constant of the Stefan -Boltzmann law, from 
nu'asurements at the boiling-points of water 
and of siilpluir. These are fully discussed 
elsewhere. ^ 

§ (28) SUMMAIIY FOR TIIR RaNCJ R 100° -500°. 
(i.) Re.'iLsiancc Thar)ao/)iMry.~--Tl\o Callendar 
formula applicid to a platinum -resistance ther- 
mometiu* meeting the specifications of the 
Reiehsanstalt,*'^ ealihraied at ice, steam, and 
sulphur points, will give (dther normal hydrogen 
.se.ah^ tem])('ratureH or canitigrado thermo- 
dynami(i temperatures, d(^pendillg upon the 
se.ale in which tlu^ suliihur ])oint is taken, 
within 0-05“ at 200“ an<l within O-l" at 400°. 

(ii.) ThcrmoconpUs . — A cubic formula for e 
in terms of 5 apidied to the coi)})er-constantan 
couple calibrated at threi^ lixed points such as 
the boiling-points of water, naphthalene, and 
bimzophenono, will give normal hydrogen or 
tlimnnodynamie scale temperatures within 
0*05" in the rang(^ 100“ to 250°. A platinum: 
platinrhodium couple oalibratod at two points 
to (kdermino its deviation luxrvo will, when 
used with Adams’ table (1), give temperatures 
within 0*2" at 200° and 0*2° at 500°. 

(iii.) Fixed Points, — Th(^ following fixed 
points are suitable for the establishment and 
mainienane.e of a temperature scali^ wil.h the 
aid of HtHxuidary thermometers, and arc known 
on the thcrmoilyiiamic scale witli the accuracy 
indic.ated, assuming the materials to bo the 
purest now olilainable : 


IJolliuK-pclut of uapUl.hii- / 0-e.'')S0j - 700), 

Inuc 1 =«-0*0y 

M('lMjiK-l>cintorUn . . 'jai -sr) MI-1" 

HoninK-l>'>lnt of Ixmzo- DiOO-0 ~! 0-()OS(p-700) 

phenono t 

M(dLlnKi*ci»t cf wulniiuni liUO-l) -i O-l" 
iVlcilrinK-lKMut of zinc . . '110-4 tl (i-il" 

/ .M-i-rin 1 ()-()<)os(p-7iio) 

\ -M)-()(l(HI47(p'--700)“l-0-l 


■! o-l" 


liclllnjjepciiit' of Hub)lmv 


Sonu' of these substauces are now obtainable 
as eertiliix! Ha.mpl(‘s from the national standard- 
ising buri^auH (foi’ I'lxamphs tin and /iiic from 
the National Bureau of Standards of the 
United Stah^H). 


» S('c article on Itadialion, l)(‘tcrmlmitlon of 
Ponstants,*’ Vol. IV.; also Part V It 1. of the present, 
article. , 

“ W('(^ Hinumary of Part V. of this article. 
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TKMrKRATlJR,T3, UKALTfiATfON OR AB.SOLITTE SCALE OR 


VIH. (1()MI‘AUIM()N OK < UH - TIIMRMOMKTKRS 

WITH Si'X'ONDARY StaNDAHDH IJN THE 

Ranok noo' TO KJoir 

!;• (:«)) History, (i.) /Vo/.wr/), 1M28.. ^ Tho (irufc 
}ufj;h-i(HUi)(M’iU.ur(s HuM'iuotnc^Hn’ biiwHl on tl\<^ 
('Xj)aiision of jj:asi^s, ho far jih wo now know, wan 
nia(l(^ by HrinHi'p (102) and (k'Horihod by him 
in 182S. Il(^ uh(hI a bulb of ^ohl, c.oimiaiiod 
willi a H(MiHiiiv(s inanomoUT with whioh io 
maintain th<^ gaH (air) at o.oiiHtaut jirt'HHuro 
wiifhiti, and (‘oiuiooUhI also with a roHorvoir 
of oliv<‘ oil : th(^ (hxpaiiHion of tlio air in tlio 
bulb (UHpbuMsl a proportionato amount of oil, 
which wa.H caught/ and vvoiglual. With tluH 
apparatus PriuHcp ma,d(^ (excellent tempornturo 
ni(xnHUi’(un(Mi(.H, chicdly of the melting-points 
of th(' alloyH of gold, silver, and platinum, 
which bear Iuh name, and are still somotimes 
useil. 

(ii.) Ponillrty 182(5. ■ Prinsep was {|uickly 
followeil by vSir Humphry Davy and siwcral 
olluu'H, all (Muploying tlu^ (expansion of air at 
consiiant piv^ssun^, but/ none' c.ontri bating 
ma.tni’i{Uly to t.hci improvimuMit of Prinsep’s 
apparatus until Pouilkd/ (101) couHt/ructed 
his instrunuMd. in 182(5. Pouillct/’s bulb was of 
platinum, which muiblcd him to reach the 
liiglu'st UMnpiu'aturi's, and his cxpcirinumtal 
pro('(Hlur(% with but slight nuxlilications, is 
that employial in laUw years by CalUmdar 
and his aHHociates. It was !PouiUct also who 
niadi^ ami oalibrattMl the first ])raeti<nd 
th(M'mo-(dement (platinum-iron), who antici- 
pat/isl t/lu' mot/hod of nuMisui’ing temporaturo 
through (hderminations of the spccilie heat of 
platinum Hubsciimuitly dcv-elopcd by Violle, 
ami who mad(^ some study of the radiant energy 
H(ait out by glowing solids. In varying 
dcgiHss and with many of the inevitable 
limitations of t/he ])ioncer, I^ouillet not only 
(‘sta/blishcd gaH-thermom<d.ry u])on a sound 
basis, Ijut int/i’oduccal s<woral of t/he important 
pinud/ical nudihods of pyronud/ry winch have 
biHUi in use sima^ his tinux 

Rollowing Pouilhd, thtn’efor(\ the advance- 
ment of pyronudrio mcasurmnent hi'came to 
a considerable degtaa^ a (question of perhwtion 
of (vxperimental detail ratlnw than of the 
(kweloinnent of nmv principles, and so, with 
oiH' or two (sxeejitions which will he noted 
pn^Himtly, it has sine.i^ nmniined. ,H.egiuuilt 
in partiimlar made in 1847 a mimher of im- 
provenuMits in tlu^ Ponillet instnummt (102). 

The lirst gaH-tlnu'mometer whiidi measured 
t/he expansion of the gas under eonstant- 
volumo ai)p(‘ars to have beim built by Rilber- 
nuum and .laequelin in 1852, but it was only 
imli(Teren(/ly smu^essfid. RdTe<d/ive use was 
lirst imuhs of ilu^ nud/hod in the work of 
He(upi(U’(d, deH(?rih('i(l ladow. 

(iii.) Hi. (Harir-Deville and Trood (29), 1857. 
• it was soon after this that a real eatastropho 


occurred in the development of the gas-thor- 
moineter. Deville and Trooat (1857), desiring 
to use a heavier gas in place of air, introduced 
iotlim^ into a hull) of })orcelain and made 
de(.<'rminationH of a number of constant 
temperaiuros, most/ conH})icu()us among which, 
in the disenssion which followed, was the 
boiling-point of zinc, which they ascertained 
to he l()4(r. 

(iv.) Edmond lierquerd (9), 1852. — Bccquorel 
followed in 18(52, using the Bouillet apparatus 
Avith platinum bulb and air as the expanding 
gas, and reached the coiudiisioii that zinc 
boiled at 022‘\ more than iO(P lower. In the 
controversy which, followed, and which was 
maintained from both sides with considerable 
bitterness, these observations were repeated 
by both observers wi(/U substantial contirnia- 
tion of the lirst results, Bevillo and Ib’oost 
maintaining from ox])eriTnentH of their own 
that Beexpierers ])latimim bulb was permeable 
to hot gases, and that his results must of 
m'cessity he too low. To this contention 
!H(‘(^<iuer(’!l replu'd convincingly by using a 
poixudain bulb himsidf (still retaining air as 
the expanding gas), w'ith both the eoustant- 
volume and eonsiani- pressure nuTliods of 
measurement, and announced a result (891") 
even lower than his previous dcTermination. 
Notwithstanding this, Deville and Troost 
were unwilling to ri'gard the result as con- 
clusive, and looked ufion the discropaxicy 
botweou Boequerers earlier and later results 
(922" and 891") wit/b uneoneealed suspicion. 
They reiterated their belief that the platinum 
hull) was i)('rmeab]o and that Jhaapiorers 
results with porcelain bulbs wore still too low 
through failure to expose the bulb directly to 
the zinc vapour, jkoipicrcd’s bulb had beim 
shiehUal from the direc^t aedion of the zinc by 
a protee.ting tube. Deville and Troost then 
repeated their own moaHuronKTits and again 
ol)taitu^d their earlier n'sull. Bccipumel, follow- 
ing, insisted that liis measuremenis with the 
platinum l)ull> were not seriously afhahed by 
])ermeal>ility to liot gasi^s, a })r()i)crty with 
which he a[)pean‘d to b(^ familiar, and ex- 
plicitly eritieised the use of iodim^- by Deville 
aud Troost. 

The (liseaission ended here lor (ho moment 
without a decisive issue, but subH<‘(pient ex- 
])orieu(‘.e has substantinhy eonlirnud .Beequerel 
in his e.onteution and liis numerical results. 
Iho high value obtainerl by Deville and Troost 
was undoubl/odly due e.hielly to the dissociation 
of th(^ iodine at high tiunperaturos. 

The real eatastrophe in the dovelo])mont 
of the gas - thermometer, liowever, does not 
lie in (he uniuu'tainty of the results obtained 
with it by these distinguislied observers, nor 
ye(i in the Huhso(pient discovery that it)dine 
is an inappropriate oxf)anding medium with 
which to measure temporaturo ; but rather 
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ill tlio (liscrcdit iti which i.ho platinum Imll) 
came to l)c held and the univerrtal HubHtit-uUou 
iliorcfnr of ])orcelfiiii -a muicrial of ■wholly 
uncertain oheniical coinposilion and jiliynical 
characteristics. This was a backward Htej) 
whicli was not rctrie.ved for more than, thirty 
years, 

Uevillo and Troost (40) them entered npem a 
long series of experiments with iiortselain glazed 
inside and outside with foldsjiar, in the (‘ourso 
of which it appeared that the expansion of i.lio 
hulhj, a factor of groat imjiortanco both tlnni 
and now in gas - thermometry, was variable 
with the tomporaturcH to which it had jirevi- 
ously been exposed. These iiTegularities 
diminished with continued use, and Avero 
thought to hecoinc negligible in hulhs of 
Bayoux porcelain after a few heatings to a 
very high temperature. 

(v.) Jiegnault (104), 18()1. — During the ])ro- 
gresa of the above investigation Regnault was 
at work u])on a displacement nndhod (boiling 
mercury in an iron Hash and estimating the 
temperature from tlie (puintity remaining in 
the Hash after cooling), which did not prove 
satisfactory. Schinz, Bortholot, and Woin- 
hold suggested some moditioations of this 
and other contemporary methods, but none 
of them proved of permanent value, 

(vi.) Erhard and Schertd (45), 1879. — 

Erhard and Schertel redetermined tlio molting 
tempoi'atnres of the Brinsop alloys in 1879, 
using a bulb of Meissen porcelain and air as 
expanding gas Avith cousidei'ablo success. Tlu'ir 
Avork contributed little of novelty, but was 
carefully done, and tlic results have since 
been extensively used. 

In 1880 DcAdllc and Troost reappeared in 
the held, after a long silence, aiul also pro- 
posed a displacement scheme containing 
some imjirovomcnts over the apparatus 
])r()j)osod by Begufiult. Nitrogen was here 
used in ]>lacc of air, but otherwise the method 
possessed insunicient accuracy to soiniro for 
it gonoral approval. In tlu^ samc! year they 
published a summary of all ilnur work on 
boiling zinc, giving 942" as the mean of 27 
didorminations, whic.h was (for that, time) in 
good agreement Avith He(!(|uerers iirst value, 
9;J2". 

(vii.) VioUe (120), 1882. —In tlu'i same year 
(1882) Viollo, using Dcvillo and Troost's 
methods and apparatus, found zinc to boil 
at 920", and thus ndclcvl a fnrtlnn* dogreo of 
jirobability to the dehwnunation of Bec<| uerid. 
Viollc (lontimied his researehes by (((‘h'lrmining 
Avith the gas-iliermomoter the speeilic hea-t of 
]>latinum for a number of tcMupcraturos ni) to 
1200 ". 

hi the d(Kwlo between 1882 and 1892 con- 
tributions to gas -thermometry and the 
measurement of high tempiu'aiiures are fciw 
and unimportant, but invi'istigations wen^ 


begun in thosi' y<'ars on both sidt'S of the 
Atlaui.ie, uaaiK'ly, thos<’> of Uaims at the U.S. 
( I (S) logic, a I 8urv(\v iu Washington a,nd of (lol- 
born and his colkMiguos ati llu' Ri'ielisanslaU. 
in ( harloitenburg. 

(viii.) Jiarufi (5, 7), 1889, naiognist'd, ns no 
obsorver who pnauakal him had iloms tlu' 
superlative impori.amu^ of a uniform hmiixM'a- 
ture distribution a, bout th(^ gas-thiMMnomet.er 
hulbfor j>urpoH(‘S of liigli-imnperatiin' immsui'e- 
nuMit. Ill's sought to avoid irri'guhiritii'S <lu<^ 
to the sluipcs of ihes apparatus and tln^ iisi^ of 
gas (lames by a nudhod of gri'at ingmiuity, bull 
also of groat t,eelmieal dillieulty. lU^ (mclosed 
his bulb witlun a rapidly I'cvolving iminio 
(5, (1), which by its moiion proti'cti'd (winy 
portion of the bulb frtuu direct e'XpoHuri' l,o a 
particularly hot or a parlhudarly <‘o|d portion 
of iho adja,cent furnaiu'i. This eomplieul.i'il 
furnace strueture and eonsisjUiMdly inaeiu^HS- 
ihlo i>osition of tlu'i bulb mailo it mHH‘ssary 
to use thermo -elm lumts whieb we're lirst cali- 
brated by exposure in iho furuaei^ with tJu' 
bulb and then used indeiKmdmitly (o nuMvsure 
other desired iemperalurt's. Tlu" tluu'mo- 
elernent has continued iu general use in this 
intermediary r6le siueo that time. 

(ix.) Uolhorn and llTc/p 1892. -In the same 
year iu which Barus publisiu'd bis (imil miunoir 
on the gas - Ihonnonudior and tlu^ tluumio- 
elomoiii (1892), llolboru and Wii'u published 
a jiapor (lid) (‘.overing mvirly (h<^ sunu^ gi’ound 
in the same gi'iuM'al way, but with Honunvlnit 
di/Tcrent rasults. Both uhikI air as lh(^ <sk- 
pandiug gas, both usiul tliermo-ehmuMits to 
transhu* tlu^ slandard gas tempm'Uituri^s ovm’ 
to tlu'i substance to b(^ mi'iasuri'd ; but llolborn 
and Wien attaiiUMl to liighm* lempm’al un's 
(above 1290"), while Barns took much grmtler 
precautions than his (lerman (smtiomporarh's 
to secure a uniform tmnpenitun^ almut his 
hull). The arrangement adopted by llolborn 
and Wion possessiMl th(> further advantngi^ 
that tli(^ thermo-(‘l(Mn<Mit was ('nlh’(4y (meiosisl 
within tlie bull) itself and so was wi'll pro- 
tected against iho eontaminaiing inlhumco 
of furmiee gasi'H, Ix'skh's giving a tnuu’ ri'cord of 
tlu' actual Imnperal-un'i of tiu' ('xpnnding gas. 
Over against, this it should be statiMl (had Iho 
volume of the unhea.t('d portions of Ilnur 
hull) and mu,nom<d,<n' e.omuaitieus, which llnm 
constituted tlu'i child souree of (U’ror in all 
gas-tliermometer mejiiHurenumts, was dangm’- 
ously hirgo. 

After 1892 Barns turnml his attention (o 
other things, hull llolboru and Wiim published 
a Hee.oud article (97) in 1895 eoidirming and 
exti'iiiding their I'lurlier i'chuHh. By ('mf>loyiiig 
a specially refractory porcelain bulb tluy were 
able to e.ontinuo tho ga,H measurementH 
nearly to Un^ rui'lting-poiut of nickel. 

(.K.) Uoiborn and Ihtjf (91), 1899. With 
the advancing demands of seieuce for trust- 
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Wdi'Miy li'in jx'fJil ui'd uususiiriMiK'iilH, t.lK'i 

in aI»M()lut(' i.tnnpctra.turo 
of (.ln‘ in(‘ll in!0|>(»iiit. (»f \vlu<‘h is an i(l<‘al 

Hubsi.ancn for a. t.('ni|)(n’a,inr(' <‘onHf.anl., Hoon 
nann^ <.o bo r('jL!,a.r(l(‘(l as uiiHa,(iiHfa.oioi’y, a.iKl Uio 
wliol(^ |n*ol)l(Mn wuM ayain f.aJvcai up at iho 
Iv(‘iolmanHl.nK. I>y llolborn a, ml I)a,y, with a 
vi<av (o olt'a.i’inj.:; up tlu‘.s<> diHonauu^H. A(. that 
tinu' IIk' “ tliormonu‘((M’ waa in wm’iouh 
dan^uM* of fallluf^' into dihix^puli^ a,H a phyaicuil 
inHt'i’unuMd. of patMUHion. Ilolhnrn and Lay 
b('^an by nwinf^ hulbn of Iloyal Ihu'lin ])or<‘.(‘- 
lain, hut, aft't‘1' t.lu'i invuwl i^aliion laid prooooded 
f(»r a y('ar or nior(% a,ba.ndon(‘d tlioin d(^linit('ly 
an<l pcM'niaiHMitly to i'(d.tirn to tlunUd platinum 
hnlb of iN)uiIl('t> \A'ith an appropriate! pjaa 
(nit.rofj;(m) whioh could noti ptuu'trato the bulb 
wall. A further iinprovennuit of inc'Htinuible 
valu(' in attaining conataiit and reproducible 
(Muidit iouH WUH niad(' wlu*n el(Hdri<! h('ating-(u>ilH 
W('a' HubHtduh^d for gan. \V'itli thin chang(‘ 
th(' <*ontamination of the tlKM’mo-elomonU 
through th(' action of oombuHt.ion gaacH, t-h(‘ 
(hinger of one or (ttlna* of th(‘S(^ ga.H('H (kuko 
truiting (iIk^ bulb uall itsi'lf, ii’rognlariticH of 
ttMiiporat'Uiv' abouti the bulb, and iiuul(‘(|iuil(‘ 
control of th<' h(‘at' ^a^pply, w(M'o all (^limiiuitcal 
or imu'h i'(aluo<Ml in inagnitinh* a,t. a Hinglc' 
Ht'rol\<\ Several inotal im'lling - pointH w<a‘e 
<^at.nibliHh<‘d an pointn of [’(‘ft'iHunu^ for tli<i 
high tc! Ill p(M‘a>tur(' Hcahs which hoou found 
gemu’al aic-tu'ptancc! Uiud werc! alnioat nnivcimlly 
uh(hI until within a few yiauu 

Sinei' th(^ beginning of the preneni century, 
bid- four attiuniitH Imvo Ikhmi uukIo to reach 
loot)" C. witfh ilu^ gaH“therrnometer. Thene 
may Ix^ talum up iti the order of their publica- 
tion as followH : (1) J. A. Ibirluw (1904), UHing 
a poreehdn bulb and nit.rog(ai ; (2) rhupawod 
and IN'rroti (1905), uwing a Imlb of “ (piarW. 
glaHH” a, ml vuiriouH gaH<‘H ; (5) llolborn and 
Vahaitiiuu' (1900), UHing one bull) of ])latinum 
containing 20 pin* emit of iridium and one of 
puiH^ iridium, both with nitrogen aa the 
(expanding gan ; ami linally (4) Day and 
(ihuncnt (I90H), and Day and SoHinan (1910), 
UHing bulliH of [ilatinum containing 10 per 
emit, of iridinui and 20 [ler cent of rhodium 
rcK[)('(d.iv(dy. 

(xi.) Uarh'vr (hi).- work of 4. A. 

Harkin’ a4( the National OliyHical Laboratory 
(lOnghuid) dooM ti<»t dilTer in any ini[>ortant 
pa,rlicula.r from tlie work of llolixinx and 
Dfiy which imnimliately prinieded it at the 
HeicliHauHtnlt. IliH iiiHii'miimit waH an exact 
duplicate of tlu^ lleieliHaiiHtnlt iuHtmiiKMit by 
(iho name makm’, e<xm'[)t that the bulb wan of 
porci'laiu iimtii^ul of plaHiiiriiliuni, 

(xii.) Jaqftmxl and Parrot (72), 1905.— 
dnipierod and Ik'rrot Hougbt. to cHtabliHli a 
Jiigli-temperaturi^ Hc.ah^ from vvhicli two of the 
iinportanl' Houriu^H of unem’tuinty in priwiouH 
work Hhould bo . eliminated : (I) the imcer- 


tainty due to dilTermicivs in the expansion of 
the various available gasi'H ; (2) any uncer- 
tainty vvliieb might entm* the problem throxigh 
the (expansion of the containing vessel (bulb). 
Their results toward tlK*! aeeomjilisliment of 
thm'r first olijcct have been discussed in 
Part lir. 4\> accomplish the second they 
selected for the material of their bulb a sub- 
staaice wJioHC expjmsioii (lodlieiont was less 
than onc‘-teuth as gi’oat as any which liad 
been employed for the purpose up to that time. 
Both iinprovoments alforded most valuable 
information. 

(xili.) llolborn and V(dentine.r ((>5), 190(5. — 
The oxpenments of Kolhorn xind Valeutinor 
(iouteniplated another dellnito and im])ortant 
step in advance. Theirs was the first serious 
elTort to extend the gas scale itself from 1150" 
(1., wlnwo all previous investigations had been 
halted, to J()()0" (1. 44io dilliculties confront- 
ing such an undertaking are obvious xind of 
Jill insistent kind. Of the limited number of 
suhstanei’H avjiilahle for use as bulbs none 
is without serious limitations Jit tlu’se extremely 
high iemperatnriss. Poreelaiu hc'coimss soft 
Jim I it s walls both absorb jind gcMierate gas 
in prohibitive (juautitii's ; silicji gltiss deviiri- 
ti(^H ; pur(^ platinum is very soft and is })er- 
meablo to byili’ogen ; when stlfi'ened with 
iridium or rhodium it is the best material 
jivjiilable hut the iridium is (lestructivo to 
the tliermo-elementB, and the bulb is likely 
to develop lojiks jincl is permeable always to 
hydrogen if hut a trace of the gas or of w'aicr- 
VJi])our is about. Furthermore’, the ditliciilty 
of maintjiiuing Ji constant toinperature about 
a bulb of 200 <‘..c. capjicity incnxises at these 
tern ])erjitu res, and the diniculty of measuring 
with thermo-elements within the furnac.e is 
greatly inorenseMl by tlu^ conduetivily of all 
insulating material. It is Jilso a mattm’ of 
no iiKionsiderablo dillimilty to gemu'jite and to 
reguhih'i aeeunitely the (luantity of heat 
r(X|uired for a bulb of this size under eon- 
ditious where all (‘leetricjil insulation begins 
to break down, Jiml to protect ilie merc.ury 
manometer from so hot a furmice without 
removing iti to jin i in jirjic.ti cable distjiuce. 

4’lieir etTort (kuiionstirakxl beyond per- 
jid venture that the extiMision of tlu^ gas scale 
to 1(500'* was pra(di(!able. 

(xiv.) Daij, (dement, and Hoffmau (1908- 
1912). - Having in mind the (liminution of 
errors due to liu’lv of uniformity of tiuupm’ji- 
ture ill an air-hjith, Day ami (dement (24) in 
1908 eonstriieted a gas-ther-monudm’ with a 
plaiinnm-wire-wound furnaeo ospeiually de- 
signed to pnxlucio xmiformity, and with a bulb 
made of an jUloy of 90 ])ar(H jilatinum and 
10 parts iridium. They also ijrevented both 
variable and constant errors cjiuscd by the 
dilTerenoe in pressurc'i hctwcim the insi(l<‘ Jind 
outside of the bulb, by enclosing it in a furnace 
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jacket eoiitainuig nitropjcji or aii’ at the Hiime 
proaHuro an that vvitliiii the hull), ^riiey furl.her 
roclucocl the magnitude of tJu'i eouHt»a.nt eorrex;- 
tion duo to the “unheated apaeo ” to a much 
arnallor value than had hoeix aitaiiuxl before. 
By nioauB t)f a cap having the Hhapo of l-he 
mercury moniacuH, the uiilu;ated apace ratio 
was reduced to 0*0015. 

To avoid the orrorn duo to contamination 
of the intcrniodiary thermocouple by iridium 
volatilising out of the bulb, this gas-thor- 
momotor was then further improved by the 
substitution of a bulb mad(^ of an alloy of 
80 parts ])latinum and 20 rhodium in ])lace 
of the pla tin iridium bulb. With this apparatus 
Day, Sosniau, and Allen (37, 38, 30) made in 
1908-1910 an extended aeries of gas-thor- 
momoter observations, using nitrogen at 
initial proasuros of 217-347 mm., and platinum- 
platinrhodium thormocouploa to transfer the 
temperatures to a aeries of molting-])ointH 
of metals and silicates as fixed tomperaturoa. 
All of the materials used wore analysed to 
determine their purity, 

§ (40) Fixed Temperatxtres. (i.) Melting- 
•points of Metals . — Several of the earlier in- 
vestigations of the high-temporaturo scale 
made comparisons between the gas-thor- 
mometer and the melting-points of metals. 


and rjuliatiou, iiud (ho lix('(l (<nnp(‘n\(- 
tun^.H d('l(‘nuin(xl in coniux-tion (h('nn\ ilh 
so to speak, toriiu.ry sliandards. A dis<*UHHion 
of lihcHc inoaHiuHuncnts Ix'lougs pn>p(‘rly in 
the third part of this wx^lion. 

d’ho only exei'ption was (lu^ H<'n<ss of uumihuihs 
ments of the mol ting- poinl. of gold by tbKpUM'od 
and Porroi (72) in 1905. M’ln^v (hdcnuimxl (In^ 
t(Mn [)oraturc of the nu'ltlng undid diriadly 
in h'rms of oonstiant-volunn^ lh('rnioiu(d.(u’M 
contahiing air, nitrogem, oxygiu), carbon 
monoxide, and carbon dioxidis obtuining ns 
a mean value for the mcH<ing-i)oiut 1007*4 
4 1*8“. 

The most accurate deient\inatinnH of nud.al 
melting-points above 500" in h'rins of a gas- 
thermometer are those of Day, Sosman, 
and Allen (37) in 1910. Tlu\v hrst mcxisunxl 
the E.M.F. of several })laiinMrn-pla(hu'ho(lium 
couples at a Iix(xl hunptu’aturi', (,lu»n phuuxl 
these cou])leH tog(4hei' with the tluu’tnomeler 
bull) in an electric rosistaruH^ furna,ce niul 
brouglit the temperature as nearly a,H possible 
to the same point. doterminations aro 

thus nearly independent of the law of variation 
of the thormoeouples with temperature. 

Their melting-points, in the scale of the 
constant- volume nitrogen thermo under a ii 
I initial pressure 350 mm., arc given in ddih](^ 1 1. 


Table U 


Melting-points oe Metals as DETEiiMiNEn by Day, 8ohman; and Allion 


Metal. 

Point. 

AtinoHphi're. 

(Vucihlt-. 

'Potnl 

ImiKirllJi's iu 

Teiui)era(iUr<'. 

Antimony 

(Melting and \ 
freezing j 

( larbon monoxidt* 

Crapliit<’i 

I\le(nl, p(M‘e('n(.. 

o*();h 

92(>‘8r) 1 9*5 

Silver 

»» 


()*()0a 

999*1) 1 9*7 

Gold . . 


„ 


' 0*(K)5 

I992''l 1 9*8 

Copper 

„ 

,, 

»» 

0-9UH 

1982*0 1 0*8 

Niclcol 

J 

Hydrogen and 

Magnesia and magm'siuin 

j 9*1(15 

,1452*3 i 2*9 


nitrogen 

alumina to 


Cobalt 

„ 

„ 

Magm'sia 

9*919 

b189*8 1 2*9 

PallacUum 


Air 

Pur<^ magiuisia 

9*025 

1519*2 1 2*9 


Erhard and Sclicrters moasuremeuts in 1879 
on gold and silver wore direct eomparisous, 
made by placing the mellying metal and the 
air-thermomoter bulb side by side in the 
furiiaeo. Bocipierers determination of the 
silver point in 1803 was an indirect comparison, 
using a platinum-ruthenium thermocouple 
as intonnediary. 44)080 earlier measurennad-s 
wore admittedly of th<) order of aceuraey of 
arnl therefore inxxl uo(; he Ciousiika’ed iu 
eomparison witfi the more exa(d- measurements 
made siiuu) 1890. 

Between 1890 aixl J910 most of (Jio high- 
tomperature gas - ilierniometi'r ol)servati<)ns 
were diretited towanl (kdierniining the law of 
variation of He(!ondary tluu’mometric pro- 
perties, such as (dectrical resistanee, thermal 


(ii.) liolUntj- points of Mdttls. Barus, in 
hegiiming his work in 1882, realisiMl ilu' 
in)por(.ane.o of scumring imiroi'iiiily of (mupm’a- 
ture • jihonl. the gaH-llua'inouKder bulb, and 
was inipresseil by Iht^ advanloges of (Uiiploy 
ing vapours of boiling licjuidH for (.Ins purposix 
lie a,eeor<iingly <l('vot('(l eonHi<l<a*nbli'( (ime (o 
the sliiuly of vapour baths <‘on(nJning boil- 
ing inercury, sulplnir, efuliniutii, /Jins ami 
hiHtnut.h. 

Of the higher boiling imdals only /ine has 
been studied dinxdJy with a gan IJuM'iiioimdar. 
Ilolborn ami Day in 1899 made imMiNurmmmts 
wilJ) one of (Judr poretdnin hiilhs immei'Mixl 
in the vapour of boiling /ims and oblained 
9J(l"-920‘' a,H l.lu' boiling«})oin(u 

4’he <linieulti(‘H of immlling an apparatus 
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a (loamdcraMo volumo of boiliufij 
1(‘(1 (o iiH a.i)an(lomiioiit for work above 
500 ", and no lnj^h-lein])orature metal boiling- 
])oiiitH hav(^ Ixam d(derminod with the gaa- 
(.luM’moim^ter Hineo 1800, eiilun* directly or with 
a tiranahn* d('vice. 

(iii.) of f norgaim (‘Onipoumh, 

'riu'i work of Day, ('kMiieiit, Sonitian, and 
Alhai at the (h'ophyHieal LaI)oratory waa 
iuHpinMl by tlie tUMal of a more exact tiiermo- 
m('tri(^ Heale a, hove 1 100"’ for iiho in inventi- 
gatiooH on tlu^ Hilicai.t^H, and neveral silieatoH 
W(M’(> accordiniJiily UH(^d aa (ixtvl tem])eraturcH 
of n^fereiUH'. Tlic'w^ an^ coniiained in Table 12, 
lop;(dih(a’ with thc' m(dtbiji*;-pointM of two aaltn 
dt't('rnun(‘d l)y VVliite with thermocouplcH 
in(i(M'eom{)a.r(ai with the gaH-thcrinomotor 
conpleH. 

IVjmw 12 


Mi'ii/i'iNiaroiNTH oil’ Inoiuunio ( foMPoamiH 

AH milTMRMINMI) HV DaV AND 80HMAN 


Compcmnl. 

l^’ormula. 

'P(Mnp('rat.un‘. 

Sodium clilorxO^ 

Nad 

800 1 1 

Sodium Hulphidc 

Na.jSO^ 

884 1 1 

liiMiium m(dM!iili('!il(< 

hi.jSiO.j 

1201 ! 1 

Diopsidc 

( "aMgSy ),} 

laoi 1 1-5 

Aimrlhih' 

( 'aAL8i;,< 

1550 1 2 


§ (41) 'ruiORMAii l‘HoiM'mTii(!H.-“''rhe following 
n^prodneil)le tlunanal propertien have been 
Htnduul with tlu^ aid of gaH-thormometor« in 
the ranges al>ove 500" C. ; 

ddns Hpeeiih' heat of platinum ; the index of 
ndrae.tion of air ; tins total radiation from a 
hlaek body ; tins radiatesd energy eoiTCHj)ond- 
ing to a given wave-Unigth in the radiation 
from a hlack laxly. 

(i.) Hpmjic, /leal of “Tlie deponcl- 

(xnx^ upon lean pes rati u re of the mean Hpeseilks 
lii'at of phitinum from 0" wan found hy 
Violles (117) with (ilns aid of Devilks’n coiintant- 
vohnne airdJusrmonuster with, poixselain bull), 
to Iks given hy tbes eepuition 

C ()*0:n7 I 0 n: l0“"/5 

from 100*’ to 1177"'. The H[)e<'ilic heat of 
[ilntinum wan tliesn imed hy Violle an a necond- 
a-ry tlHsmiomestrits [jroperty foi* the determina- 
tion of th(s nu^lting-poiutH of wilver, gold, and 
coppesr (1 10); alao, hy extraipolation, for the 
m(‘I(iing"pointH of pallaeliurn (IIH), platinum 
(117), an<l iridium. 0*he valuen are now only 
of hiHliorie.al itd.(sr(sHt. 

nusaHuresment of heat esnergy Ih logically 
ones of the HimphsHt of phyHieal meaHuretmsntH. 
PractLially, it m oms of tlie mont dillieult, 
HO (Fjh1v(s and unciOidinahle Ih tins thing whie-h 
it iH d(*Hir(sd to nuaiHures. Ror lliiH reaHon, and 
alHo h(s(saUH<s of diirKsultbsH in the mani])ulation, 
tlnsrinonu'itry hy (sab)i*imotri<i methodH han 
iHsvesr Ixseonns poptdar. 


(ii.) hidex of Refraction of Air. — Exi)cri- 
montH at })reHHureH of 1 to 19 atmospheres and 
at temperatures of 0*’ to 80° 0. had shown 
that within the limits of error of the measure- 
ments tlie refraction 7i - 1 of air and of 
eyanog(‘n gn,s wuh proportional to tlio s])ocifio 
volume of the gas whetlier the cliango in 
spoeifie volume was produced hy pressure or 
hy heat. The measurement of refractive 
index thus olTerod a means of realising a 
secondary eonstaut-pressuro gas-therm ometer. 

J). Berthelot in 1898 utilised this fact in a 
^‘gas-tlKsrmometcr ” (10, 11), with which ho 
measured the melting-poiniiS of silver and 
gold hy direct comparison (12). 

Strictly speaking, the method is not only 
secondary, hut as used hy Berthelot o( instituted 
a wide extrapolation of a law established 
exi)erimentally only at low temperatures. 
Investigations made since the date of 
Berthelot’s (Experiments indicxite that gases 
follow the Lorenz- Lonmtz formula for thc 
ndation of roCrae.Ove index to density at 
constant temperatun^ ; when the te)n])oraturo 
is changed, an elTcnd inde[)end(mt of the 
ditninution in (ksisily with rising temperaturo 
is iudieaUHl, l)ut its amount and niagniUido 
are hy no m('ans (awtain.'*- 

^rhe results obtained hy Berthelot seem to 
have Juul a precision of alioiit j 1*5° at 10(50°. 
^riie “end corrections” of the furnace tube 
constitute Iho most serious source of error. 
The method has not been further used since 
the time of his ox])(wiments. 

(ui.) Total liadiulion of a Mach Body. — E, 
the total energy radiat.cd hy a hlack body 
per second per unit of surface, and 0, the 
ahsoluto temperature, are related according 
to the 8tefan- Boltzmann law ; 

E=:(r^lS 

ill which (T is a constant. 

Although originally discovered by Stefan 
as an emjiiricuil relation, this law is from one 
])oint of vhnv not in need of (jonlirmaiion by 
eomjiarison with a gaH-thormom(her, for 
Boltzmann Hubseqmuitly Hhowed that this 
relation l)etw(xm tcunporature and radiated 
energy depemds only upon the princtiples of 
thermodynamics and tho elecstromagnetic 
theory. If tluw^ he takem as fundamental, 
the St('fan- Boltzmann law might therefore 
itself be used as an indojierKh^nt clelinitiou of 0. 

Ror this purpose it is necessary only to 
go back to Bart I. and, starting with tho 
delinition of tho ahsoluto thermodynamic 
H<^al(‘ and tlu^ arbitrary numerical diibwouco 
<)f 100° hetwocai im^lting ice and boiling 
wat(‘r, to mak(^ measurcuneuts of radiation 
at those temperatures. The scale is then 
(iompletely (k^ormiiUHl. 

^ 8(‘(^ (liHcussicn in horla, Die lAelitbreehmHi in 
(/asev, pp. 2S)-ai) (BraiumcUweiK, 1014), 
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The experimental precision attainable in 
radiation measurements at 0° and 100® is, 
however, too low to permit of a successful 
independent definition of a temperature scale 
by this means. It is necessary, in order to 
obtain an accurate value for o- or an accurate 
ratio of ^’s, to make absolute energy measure- 
ments at higher temperatures, or relative 
energy measurements at temperatures widely 
separated, such as 1500® and 1000°. The 
total radiation scale thereupon becomes, in 
effect, a secondary scale, dependent upon the 
gas-thermometer for the definition of its basic 
temperatures. 

But the radiation scale is not dependent 
upon the gas-thermometer to the extent that 
the xdatinum-resistance thermometer is de- 
pendent. It has a sufficiently sound and 
well-established theoretical basis to have 
attained a practically independent status. 
If the gas-thermometer ventures too far into 
the high-temperature region where it is losing 
its precision, but where the total radiation 
thermometer is gaining precision or at least 
holding its own, the gas- thermo meter will 
reach a point where it can no longer compete 
with its rival. Part of the present disagree- 
ment over the temperature scale above 1200® 
can be reduced to this simple question : Is 
the gas-thermometer or the radiation thermo- 
meter ahead in this race at the 1500® level ? 
It is generally admitted that the gas-thermo- 
meter scale has no competitors at 1000° and 
the radiation- thermo meter scale none at 
2000°. In the intervening range the favour 
of the experimental physicist wiU turn toward 
the scale which possesses the greater experi- 
mental precision. 

In answer to this question, an examination 
of the experimental data shows that the gas- 
thermometer still has the advantage at 1500°. 
Its indications certainly are capable of an 
accuracy at that temperature of better than 
2°. To obtain this accuracy on the radiation 
scale calls for measurements equivalent to the 
determination of o- to within 0-45 per cent, 
or to within 0-026 x 10~^^ taking the value of 
(T as 5-70 X 10~^^. The value of a or the 
measurements of intensity-ratios are hardly 
yet certain to that degree of accuracy. 

As for the constant itself, no direct deter- 
mination of O' at high temperatures with direct 
reference to a gas-thermometer has ever been 
made. Valentiner’s determinations (115) are 
perhaps the most closely related to gas- 
thermometer temperatures, being in terms 
of platinum - platinrhodium thermocouples 
standardised by comparison with Holborn 
and Valentiner’s constant-volume nitrogen 
thermometer up to 1600°. Valentiner’s first 
result was admittedly inaccurate by 4 per 
cent (116), and Coblentz believes that “a 
conservative estimate of the total correction 


to Valentiner’s original data is 5 to 6 per 
cent.” 

A discussion of the twelve or more other 
determinations of a need hardly be undertaken 
here, as the subject is more fully considered 
in the article on Radiation Laws. Reference 
need only he made to Coblentz’s detailed 
summary (30) of the status of the constant. 
The original determinations of lO^^cr quoted 
by Coblentz range from 5-30 to 6*51. These 
data he has ^ recalculated, using corrections 
obtained from his own extensive experiments 
(26, 29), thereby reducing the range to 
5-48-5-9, leaving several uncertain. The mean, 
5-7, of so motley a collection would have very 
little authority did it not happily coincide 
with the much more accurate value, 5-722 
± 0-012, determined by Coblentz ^ (31) ; this is, 
again, in excellent agreement with several 
fundamental physical constants, as shown by 
MilUkan (84). 

(iv.) The Energy corresponding to a given 
Wave-length in the Badiation from a Black 
Body,— From the Wien-Planck law, as revised 
by Planck (100), for the distribution of energy 
in the spectrum of a black body, it follows 
that if El represents the energy intensity, 
corresponding to the wave-length X, radiated 
from a black body at absolute temperature 
^1, and Eg the corresponding energy for the 
same wave-length, but at temperature ^3, 
then 

El e^2/A^3-i 

For values of X in the visible portion of the 
spectrum and temperatures attainable in the 
laboratory, the effect of neglecting the term 
- 1 is less than 1 per cent in the ratio, corre- 
sponding to less than 1° at 1500® ; this 
simplification is therefore usually made, and 
the relation put into the form 

01 

which is the usual equation for the optical 
pyrometer. 

To what extent is the Planck radiation law 
a direct deduction from the Stefan-Boltzmann 
radiation law ? Both Wien and Planck 
derived their original law from purely theo- 
retical grounds, but experimental results at 
long wave-lengths showed that the “ constant ” 
Cg in the original form was not a constant 
(78). Planck then revised the derivation, again 
on a purely theoretical basis, but not without 
assumptions which may or may not be true. 
The conservative view that should be taken 
in defining a temperature scale must therefore 
consider the Planck radiation law to be 
strictly experimental, valid over the range 

^ See article “Radiation, Determination of the 
Constants,” Table 1. and § (10), Vol. IV. 
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and to the degree of a<tciiraey for which it has 
been ex})ennientally proved. 

From this standpoint any temperature scale 
based on the law is a ])iirely secondary scale, 
no more accurate and entitled to no greater 
vali<Hty than the gas-thermometer tempera- 
tun^s upon which the value of the constant 
is based. It is evident, furthermore, that 
when they are viewed as secondary scales the 
optical scale (with constant C\) is logically in 
a much less favourable position than the total 
radiation scale (with constant a), since ratios 
of total radiation can be determined with a 
temperature range of say 100” to 1200'\ 
\v'hereas the corresponding range for must 
begin within the n'gion of visible radiation 
due to temperature, or at about 700®, and 
must he further liandicapped by the rapid 
fall in sensitivity of the optical measurement 
when the temperature is lowered from 1200® 
to 700°. 

TluTe has been no determination of Cg 
accompanied by direct measurement of the 
temperature by a gas -thermometer, but 
several determinations have been closely 
related to gas-thermometer temperatures by 
the transfer of temperature with thermo- 
c<mples. 

The iirst of these was by Lummer and 
Pringsheim in 1900 at the Reichsanstalt (79), 
using tem])eratures transferred by platinum- 
j)latinrhodium couples from Holbom and 
Day's nitrogtm thermometer. They obtained 
vafues of (C for different wave-lengths, from 
measurements at 790® to 1430® 0., varying from 
1-450 to 1-469, with a mean of 1-458. 

Holbom and Valentiner (05) in 1907 
likewise transf<Trcd their temperatures thermo- 
electrically from their nitrogen thermometer 
to the blacik body. Their temperatures 
ranged from 1 100® to' 1685°, and the values of 
Co obtained ranged from about 1-38 to about 
l-4() ; mean, 1-42010-014. 

Another step removed from the gas-thermo- 
meter are those determinations based upon 
lixed tmnperatures, such as melting-i^oints, 
which have been previously determined by a 
gas-thermometer. 

Nemst and von Wartenberg’s photometric 
measurements (85) in 1906, at wave-length 

0- 590 g and at the melting-points of gold and 
palladium (1063® and 1550° C., respectively, 
by the nitrogen thermometer), correspond to 
a value of 1-438 for Ojj. 

Hoffmann and Meissner (58, 59) in 1012 and 
1013 made spcctrophotometric observations 
in various wave-lengths of light at the 
melting-points of gold and palladium. On 
the same temperature basis as above, their 
data correspond to values of 0^ from 1-440 to 

1- 447. 

Hyde, C’ady, and Forsythe (70, 71), likewise, 
have measured with a Holbom - Kurlbauni 


pyrometer the ratio of intensities at the gold 
and palladium points, at an effective wave- 
length of 0-666 fJL. The result corresponds to 
Co = 1-447. 

Similar measurements by Mendenhall (83) 
correspond to a value of 1-439. Another 
series, based upon the gas-thermometer 
temperature of 1330° C., and a second 
temperature 2460° C. based upon total radia- 
tion, also gave the value 1-439. 

Mendenhall’s second series is a step further 
removed from direct dependence on the 
gas-thermometer, being based on only one 
fixed temperature. The same is true of 
the series of measurements by Warburg, 
Lcithaeuser, Hupka, and Mueller (126) at the 
Reichsanstalt in 1913. Their basic point 
was the gold melting-point, but higher 
temperatures (1400° and 1970° C.) were 
obtained through the use of Wien’s “ displace- 
ment law,” in the form 

Ejiiax. =B0**. 

These measurements, at wave-lengths of 

0- 656 to 2-172 g, gave a value for Co of 

1- 437 + 0-004. 

Coblentz’s determinations (26) in 1913 were 
based essentially on 1550® as the melting- 
point of palladium, although the original 
temperature determinations were made with 
thermocouples standardised at 1083° and lower, 
and used for higher temperatures by extra- 
polation with assumed corrections. Subse- 
quent standardisation at the palladium point 
furnished a sound temperature basis. The 
original value for C^, 1-447, has been modified 
by more recently determined corrections for 
refractive index and bolometer setting and is 
now^ (28) i>laced at 1-432. 

The mean oi all the above determinations is 
about 1-438 + 0-008 ; or 1 -439 ± 0-003 omitting 
the abnormally high value of Lummer and 
Pringsheim and the abnormally low value of 
Holbom and Valentiner. An accuracy of 2° 
at 1550° (melting-point of palladium) corre- 
sponds to 0-0049 in or 0-34 per cent. 
The average deviation of the more recent 
values from their moan is somewhat less 
than this. 

The possibilities for error in when 
determined on the basis of fixed temperatures 
already standardised by the gas-thermometer 
are of two kinds: (1) those due to the fixed 
temperature reproduction, (2) those due to the 
intensity measurements. 

Gold and palladium are the metals 
commonly used for the fixed melting-i)oints. 
Gold is easily obtained pure, and accumulated 
experience has shown that its temperature 
is readily reproducible within the limits of 
error of the measurements. The same is not 

1 See artU4e “Fadiation, Peterniiuation of tlic 
Constants,” §§ (11), (12), Vol. IV. 
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true of palladium- It is difficult to purify, 
and samples of high chemical purity are not 
readily obtainable. 

Impure palladium usually melts higher than 
pure, as pointed out by Adams (2), and the 
tendency of impure samples is therefore 
toward lower values for Cg. In none of the 
determinations cited above was the palladium 
analysed. Only in connection with Day and 
Sosman’s nitrogen-thermometer measurement 
of the melting-point was its purity determined. 

This disadvantage can to a certain extent 
be overcome by actual comparison of the 
samples of palladium used with the nitrogen- 
thermometer sample. This has been done 
in the cases of Warburg’s and Forsythe’s 
measurements. A new platinum-platinrhodium 
thermocouple, calibrated at the palladium 
point at the Geophysical Laboratory, agreed 
satisfactorily with Warburg’s temperature 
scale. 

A sample of the nitrogen-thermometer 
palladium, sent to Dr. Forsythe, proves to 
have a melting-point averaging within of 
Forsythe’s sample, the range of 15 determina- 
tions on each being about 5°. The two samples 
are therefore identical, as nearly as can be 
told by this comparison. ^ 

The other class of errors, those arising from 
the intensity measurements, includes many 
small uncertainties that must be taken account 
of in fundamental work, though often over- 
looked in past determinations of the constant. 
An excellent discussion of these errors, 
particularly with reference to the disappearing- 
filament type of pyrometer, has been given by 
Forsythe (49). 

We have seen that the average deviation 
of recent measurements of Co from the mean 
value is of an order of magnitude equivalent 
to about 2° at 1550°, and that the uncertainties 
due to the normal variability of the palladium 
melting-point and to the various sources of 
error in the optical observations are more than 
sufficient to account for such a deviation in 
any one measurement. There appears to be 
no reason from the thermometric standpoint 
for adopting any other value for Og than the 
, mean value given above, namely, 1-439, nor 
for adopting any other value for the palladium 
point than that derived from the nitrogen 
thermometer, 2 namely, 1550° C. 

The real pressure toward adopting a lower 
value of Cg (1-420 to 1-435) arises from the 
better theoretical agreement between the 
lower value and the accepted values for 
Planck’s “ Quantum ” h, the charge of an 
electron c, the Stefan-Boltzmann radiation 
constant cr, and other related constants. 

^ Private communication. 

“ The actual determination is 1549°, but the pro- 
baoilities favour the existence of a small positive 
correction of the order of 1° or less to convert constant- 
volume nitrogen temperatures to thermodynamic. 


Whether this is a valid reason for changing 
the value of Cg depends to a large extent 
upon the point of view. 

The difiarence is not large — far too small 
to he of any industrial importance as yet — 
but is important enough to deserve consider- 
able further investigation from all points of 
view, thermometric, theoretical, and radio - 
metric. The investigations of the past few 
years have been too exclusively occupied with 
the latter two. 

As to the best choice of Cg in the meanwhile, 
the history of research furnishes little guidance, 
for instances can he brought forward in 
about equal number, on the one hand of good 
theoretical judgment which disregarded exist- 
ing data and was afterwards justified by the 
results of more exact measurement, and on 
the other hand of apparent discrepancies in 
experimental results which, though carefully 
explained away by the experimenter himself, 
subsequently proved his experimental accuracy 
to have been better than his judgment. 

§ (42) Combined Thermal Properties and 
Fixed Temperatures. — There are two thermal 
properties which, while not independently 
reproducible with the accuracy desired for 
thermometry, are nevertheless, when com- 
bined with standard fixed temperatures, the 
main reliance of investigators in the range 
above 500°. These are (1) the thermal 
E.M.F. of platinum -group metal thermo- 
couples, among which the Le Chatelier 
couple, platinum against an alloy of 90 parts 
platinum and 10 parts rhodium, is pre- 
eminent; the thermocouples are limited in 
working range mainly by the melting-tempera- 
ture of the wires, but also by the contamina- 
tion of the wires with impurities due to 
reduction or volatilisation of neighbouring 
materials ; (2) the electrical resistance of 

pure platinum, limited in its working range 
to a maximum temperature of 1100° 0. 

(i.) Platinum-metal Thermocouples , — In the 
preparation and use of thermo-elements Barus 
made much more extensive and elaborate 
studies than any one who has followed him. 
He first investigated a great number of sub- 
stances, both pure metals and alloys, and 
measured and tabulated their electromotive 
forces for different absolute temperatures. 
From these a couple made from pure platinum 
and an alloy containing 90 parts platinum 
and 10 parts of iridium was finally selected 
for his standard work with the gas- 
thermometer (5, 8). 

It is an unfortunate accident that history 
has failed to record Barus’ s name along with 
that of Le Chatelier (77) in the develop- 
ment of the thermo-element for purposes of 
high - temperature measurement. There is 
no question that Barus contributed enor- 
mously to our knowledge of the thermo- 
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of Lbo tliHonuii; nioials and 
Munr UM{\ hui ih(^ 10 ju^r cont iridium alloy 
which lu^ finally H<dccd(Hl j)r()vcHl to bo lows 
HCM’vicH'iihlci iha,n tho 10 pm* oout rhodium 
a-lloy d('V(‘lop(ul by 1 j('i Cluiiolicr, ])rol)al)ly by 
n'UiMon of Mu'! f^rcaOu’ volatility of tho iridium 
and a conHCMpuMit alow t^hant^o in itn roadingw. 
And wi) find tho Lo Chatoli(U' platiurhodium 
tluM’mo-i'UnmMit in uh('i to-day tho world ovor, 
whilo tlu^ luaguilioont piouoor work of BaruB 
rtunainH hut littlo known. 

d’lus first oatihration of tho platiimm- 
platini’hodiuin oouplo was made by Jlolboni 
and VVion (00, 07) in ,1892. 'hhoy found that 
t.lu'i h].M.h, c.oidd Ih‘ n^proHontcal in torms of 
t.(''nip(u’adur(^ by a tuihio formula, and that tho 
c(ud<l h(' n^producod with tho aid of 
nu'lting-points (»f metals, with an accuracy 
of 5", ovtu* f-h(^ rang(^ *100*^ to 1440‘’. 

Ilolhorn and Day (02), though tludr 
maximum Omipcwatiux^ (1100") waH not as 
high as that of Ilolhorn and Wion, considor- 
ahly iiuprovoil tlu'i acuniivKy of tho oom[)anHou, 
and w<u’(^ ahlo to show that tho formula 
0 a I ht I holds wii.hin 1" ovor tho 

(Miih’i'i rangi’i from ‘100" to 1 100'*. Similar 
c.ompa.i’isons hy llarkoi* (Td) in 19(M oonfirinod 
lihis (MUpiriejd ndafion for tlu^ range 400" to 
1000 ". 

Day find (flomonCs moasuromontH (H4) still 
furtlim' improved tlu^ fioiuinioy of tho nuuisuro- 
monts, in showing that tho (juadvatio fonmda 
is followotl from 400" to 1100", within A 
(uu’tnin drift of tho doviatioiiH was also 
ohsm'viHl which may iudicjito that a more 
iiomplcx formula is lunulod to roprosimt tho 
ridation of c and t oven more closely than to 
Os’V. Ihitfi aro not yot avfiilahlo for testing 
this (pu'siiion to a higluu’ degree of accuracy. 

94io mefiHunmumts of Ihiy aud desman 
d(Wo(.<ul [)rimarily to (Ictcrminiug tho 
vnliK'S of ohoHcn IIxcmI points, using the thorino- 
('ouplo only a.H ji transfer dovioo. Tho largo 
numluM' of points at snudl intervals of tompera- 
tur(‘, wlu<4i aro (udhal for to rojilly tost tho 
|)ossihlo dc'viation (within 0*2") from the 
(juadratic formula, is lacking in the data of 
Day find Sosman because of this concontnition 
of most of th(^ mcasurortionts at li.xod points. 
With this limitfition (which is c(|ually true of 
most of th(‘ otluw (^xpcn’inumtal conlirrnations 
of (snpiricjil hiws in i.h(U’momctry) the data 
of Dfiy find Sosnuin furnish a good test of tho 
qundrali<< ('i<puiiiion, since tin's siihsUtution of 
fi platiurhodium alloy lu phus's of platiuirhlium 
fis till's hull) mfil*<u‘ifil considerably imu’i'niscd 
the fittfiinahlo priHusiori with thermocouples, 
removing fis it did tho serums souroo of error 
duo to coutfimimd'iou of tho ooujilos with 
iridium. 44io data show that tho (piadratio 
formula rt^ifrcsHOids tho mode of varifitiori of 
f! with t over thcs ratigc's from 800" to 1100" with 
an accunioy of 0*8'^’, while a similar formula 


with dilforont oonatfints will cover the range 
lOOir to 1550“ within 1". A cubic equation 
can bo made to lit all tho points from 300“ 
to 1550" with a deviation of a little over 1°. 

(ii.) Merirlcal lic^HwtancQ of Platinum Wire. 
— Tho only direct calibration of a platinum- 
rosistanco thermometer hy reference to a gas- 
thermometer that luiH ovor been made in tho 
range above 500" is tho cornj)ansoii by Harkcr 
(51) in 1904. Using a constant -volume 
nitrogen ihormometer with poreohiin bidbs, 
JIarkcr showed that between 400" and 1000° 
tho quadratic formula for tho j)latinum 
resistance yielded tempo riitii res tliat were 
within 1° of the gas-thermometor at tho lower 
temperatures, but deviated by more than tho 
probable error in tho u])por part of tho range, 
tho diiTcrenec reaching a maximum of 6-3°. 

In tho idtimato analysis, then, confidence in 
tho x)latiniim-rcBistanco thormometor above 
500" depends on the degree of accuracy with 
which it can interjiolato tho molting-i)oints 
of antimony and silver between tho two 
base-points, 444T)5'‘* (sulphur) and 1003° 
(gold). A rcMilly exact stamlardisation, having 
fi jiroeisioii comjiarfihlo with that of which 
both tho gfis - thormonudoi* find idatinuin- 
rosistanoo thermometer aro now cax)ablc, has 
yot to 1)0 made. 

(id.) J-ntcrpolatcd Jfixed Points. — As already 
l)ointcd out in ])recoding sections, dotormina- 
tions of fixed tomporaturoB may be roughly 
divided into four classos : (1) thoao detor- 
minod directly by immersion of tho gas- 
thermomotcr in the constant - temperature 
system (sulphur vapour, for oxamx)lo) ; (2) 
tiioso dotonninod indirectly by transferring 
tho tem})oraturo from gus-thormometor to 
fixed point by moans of an intemiediaiy 
transfer device ; (3) those determined by 

first establishing the law of variation of a 
secondary thennomotor (thcrino-oloment, for 
example) and then tising this thormometor 
to interpolate tlio lixoil points; (4) those 
‘‘ secondary interpolations ” made by calibrat- 
ing a Hoeomlary thermometer at several known 
fixe<l |)ointH determined l>y methods (1), (2), or 

(3) , and then using it for further interpolation. 

“ IMmary interpolations ” of class (3) were 

made by Ilolhorn and Wion, llolbom and 
Day, aud Day, Clement, and Sosman by moans 
of thermocouples. 

Several “ soeoudaiy inter] )olations ” of class 

(4) (Ileyeoek and Neville, Waidnor and 
Burgess)' have beiui made with x)latiuum- 
resistaneo thermometers. These wore origin- 
ally made as oMrapolations of tho Oallendar 
formula over the range from 500° to 1100°, 
an extrai)olati(m mori^ than equal to tho range 
for which the law had been established. The 
melting-point data so obtained are often quoted 
as independent determinations of the points, 
side by side with gas-thermometer dotermina- 

3 


voi., 1 



86G 


TEMPERATURE, REATJRATrON OE Al^HOLlITE S(^ALE OE 

tions StrifUy spcukiniii:, they aro not doti^r- cMibnition aiihr(^(^ piunts (Much iwihi^ nu^llin^^- 
niinatioiiM at all, but mowly hopeful oHtiuiaim i)oint,M of 7/uu% j^old, a-iul pulhiduiiu), and tlu^ 
Such an extrapolation of an (unpirienl law t<) iiHO of a Htaiuhu’d ta,bh^ HUc'h m ibab ol AdaauH 

cover an ad(Utu)nal ratij^ni iniux^ than equal (1), nitrogen Heab^ ^ UMtiperatun^M ean^ be 
to that for wlueh it haH bo(ui cHtabliMhcd iM ineaHured within ()dl'‘ a.t bOO" and ,V‘ at 
justifiable only as a temporary ineaHure. 1500“. 

That it does somoUmos succeed is shown by (ii.) inaUium-^ rrMamr. Uicrmonieln/. --^ 
the unexpectedly close agreenumt between Nitrogen Hc.ah^ tmnpi'ratiiri'K Ix'twuaMi 50(1“ a,nd 
the molting - p( ants extrapolated with the 1100 (miu. bo nuMisuri'id with a plalinuin- 
platinum - rosistanee tliermo meter and the resistanen tlu'rmonudpr nuuhs of pur<^ platinum 
Ltual detonnmatious made later with the and Htandardimal at ihe sulphur boiling-iioint 
gas - thormoinotcr. Usually the attempt has and the gold nudting-point wilihiu 0 0 at 
failed, as in the case of platinum n^sistaneo 500“ and 1“ at 1000". 

below 0°, and of the tbermo-elonumt above (iii.) Opt'M (ind Itadiation r/icnnowHni. 
1100°, but the erroneous rosults have betai By ealibration at tlu^ m(biing-poinl.H of gold 
quickly forgotten, and have done barm only and ])alladium, nitrogen Hindis iemjxn’ai.un's 
by producing tomimrary confusion. The ean be measured optically or by (lotal radiation, 
original comparisons have permanent value, when tht^ variouH eornsctioii fat'tors for 
furthermore, wheu the extension of the gas- ahsorplion, etc., arc takcin into aiH'.ouul', 
thermomotor scale establishes the true law within 2“ at 1000 and 5’ at 1000 . 
of variation. (iv,) Fixed ,/V/Vd.s. — The following (ix(Ml 

A number of primary and secondary inter- points may he used to estahlish and main Inin 
polatcd melting-points arc shown in Table 13, the temperature seale from 500“ to 1000“, 
compared with direct or indirect gas-thormo- and are known on the centigrado thermo- 
meter determinations of the same points. dynamic scale with the accuracy intUcatcHl. 

Taslm 13 

Interpolated Values op IfixEU Points in tum Bange 500'' to 1G00“ ('OMPABion with 
Oas-tuermometer .Determinations 

1 T. . M.p. M.P. M.l*. M.l*. M.p. 

Dato. Anbiiuouy. Almnlnluni. Sllvw. j Utdd. j “ ‘ 

Direct or Indirect Qa,^4liermome(<'r Defenninnfionn, 

, i ( 'onsiimii-voluiiKi N, O, 

Jaquorod and Perrot . 1905 .. .. .. 10(>7-4 .. ^ CO, {Uid CO... 

Day, Sosman, and Allen 1910-12 C30-0 .. 9(I0*0 10(>2-‘l I()82-r) ('ouHtant-vohuiKMuti'ogtm. 

j l*t ; IMJih (iouple rmd 
I eonslivnt - volume air 
t Uu'rmomeh'r. 

Pt ; Pt llh ooiipU* and (xm- 
• staut “ voluuK^ iiit.i’ogon 
th<^rinom(dcr. 


\ 1*(. n'M, Ok'I’Iuoiik'O'!’ hc- 
I t,\v('<'n PM -nr)' autl lOK.'l-O", 

§ (43) Shmmarv i'ou the Ranoe 500“ to It is aasunuxl Mud. l.lu' Hul)Miiano<‘H uh<hI ju‘(^ the 
lf)i)0“. (i.) F her mookclrk Therniomelrii.-^-'We) purest ohtaiiuihh^ ('.ummereiidly. 

host secondary thermometer for use in the MelUag-poinl. of md.im<»ny . ’ . 530 I PTC 

range 500“ to !()()()“ is tli(^ plutinum : platin- „ „ alutuiuiilm . . . (551) I PTC 

rhodium tbcrmo-elcment. Tlu^ E.M.K. of the „ „ hIUmm' .... 9P0 I PTC 

couple can bo n^pro.senh'd iti hu’ms of the „ „ gold .... iPP.’j I Pd/' 

constaiit-volumo nitrogen scale: l)y a ((uadratic »> e.ojipcr .... 1P83 I 1“ 

equation over limihxi parts of the rang<^ (.300“ »» diopHide (CaMgSiaOo) . 130112“ 

to 1100“ and 1000“ to 1550“) with an accuracy ’’ palladium . . . 1550 I 3“ 

of within 0-3‘-’ in the lowcu' part of the range Mopum)! tlnw^ Hubsl.auct'H anumw ol>tainahl(^ 
and within 2“ at 1500“. A cubic eijuatiou as eertilicd Htandards for tlunMuoiiudrie 
will ropre.s(mt all, tcnqjoraturc's from 300“ to (calibration (for exaiupl(\ ahiminimu fi’om the 
1550“ with soniowliat loss aocurae.y. By Bureau of Htandards of the United States). 


Holborn and Wien 
Holborn and Day 
Day and Hosnian 


Priniarif I ntcr point io7is. 

1802 .. .. 9G8 1072 1082 

1900 ()30-() .. 9()l 1004 1084 

1911 .. (;58-7 

i^eeondnri/ f nier point ion n. 


1895 

d.30-2 

055*3 

902 1003*7 

1910 

()3()-7 

058*0 

900*9 


Author. 
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(v.) Tfivr»i(i({jfmnu('. — Tho coitocUouh 

io tM)nv(U’ti i“<ijuliniL!:H on tlio conHiaut-volumo 
Ho.ah'H to t4io ihi'miodynaniio aoalo at 1000° 
and hi^luM* ar(^ V(U'y nncuu’taiu. Tho correction 
tio tho o,onHtani» - volume iiitrogoii scalo at 
initial j)i’<wMuro HOO mm. ih probably of tho 
onl(M’ of ma^niitudo of H-0*n° or Iohh at 1200°. 

IX. Tun St)UR(noH on Emioa jts (Us 

TuKRIVIOM l']TRV 

§ (I‘l) CoNHTANT-minHsirun TuiORMOjyinTBR. 
■* “Odie (levolopnu'nt of the couHtaut-proRHuro 
j^aR'th('rinom(d.(U’ Iuih remained ahiioHt wholly 
in the IuuuIh of Cnllenduir and Iuh aRHociatos. 
from il'H iiUH^ption in IHHO to tludaHt imi)ortaut 
publiention in 1014 no HoriouH attempt has 
bi'en mad(^ to i^x.ten<l tlu^ iiHo of the iuRtrument 
to lilu' hi)j:h<u' temperaturoH (above the Hulphnr 
boilinu:-))(uivt). her thiH reaHon, ])orhapH, the 
Hour(uiH of err<)r in this HyHtiuii of i>roe.odure 
Inivo remaimul undeveloptHl and cannot be 


])ermaiicnt change in the volume of tho bulb 
after each cx])osurc at the higher tcmi)eraturcs ; 
(2) changes and uncertainty in the expansion 
coefficient of tho bulb material (18) (chiefly 
glass and porcelain) ; (3) inexact knowledge 
of the expansion coefficient of mercury through 
an adequate tom])oratnrc range. These errors 
are of a kind which can ho greatly reduced 
in magnitudo by a judicious selection of bulb 
material and careful study, and the constant- 
prossiiro gas -thermomotor may yet prove 
to bo a most valuable instrument for the 
dotcrminatiion of standard high temperatures. 
At tho moment, howovoi*, one must regard it 
as an untried instrument in tho region where 
further work is mainly needed (above 1200°) 
and no ex})orionco is available through which 
to forecast its behaviour there. 

§ (45) CoNSTANT-vot.uM£: Therm CM RTBR. — 
Tho sources of error in tho constant- volume 
gas-thermoniotor, on the contrary, are now 


Tahmo 14 


(bNHTANT ( hllllKdTlON.S TO THI'J ( 1 oNST.A NT-\ OI.UM H (lAH-TlIKUI^TOMHTim (DeORRES) 



UulusU.rO Simco 
Patio .asaunual 
r/Vo O'Ol. 



riuu'iiuil lO.KpaaHiun 



blastii! 

Expansion 

'INunp. 

" 0. 

IM> 

Ir. 

(JlnsH 50 “b 

PuH('<l Silica. 



assumed 

10"^ I>cr niin. 


A. 

A'. 

A. 

A'. 

A. 

A'. 

A. 

■ 

A'. 

A. 

A'. 

' 270 

- t)-03 

• I 3-1. 







-O-OO 

-1-0-04 

' 200 

■ 0'50 

1 2-1 







-O-Ol 

-1 0-02 

101 

■ 0-54 

1 1-0 

- ()-3H 

-1- 14 

-•0-22 

-hO-78 

-lO-Ol 

-0-04 

-0-01 

S 0-02 

- 100 

. 0-50 

!■ 0-60 



, . 




-O-Ol 

-SO-Ol 

0 

0-00 

()•()() 

0-00 

()•()() 

0-()() 

0-00 

o-oo 

0-00 

0-00 

0-00 

1 100 

•I 1-3 

0-()() 

1- t)-02 

(>•00 

•1 0-«l 

0-00 

1 0-()(J 

O-OO 

-1 O-Ol 

0-00 

1 200 

1 3-3 

1 0-60 

•I- 24 

I- 0-54 

•M-7 

-|■0•3H 

•! 0-15 

■h0-()3 

■M)-03 

+0-01 

1 500 

1 13 

1 0-0 

1 10 

•1* 5-7 

■1-7 -3 

14-0 

-! ()-(‘)3 

1-0-32 

-SO-14 

-1-0-07 

1 1000 

1 44 

1 31 

137 

•1.27 

. . 

1 

|..2-1 

+ 1-5 

-HO-47 

+ ()-33 

1 1500 

101 

1 72 

<1 82 

I-C8 


1.. j; 



-I-0-98 

+0-77 


('Xiuiun<Hl with the same Hliarp scrutiny which 
may now applied iio the sotircos of (mtoi* in 
IJu^ constaiiit-voluim^ iiisti'inncnt. in principle 
the apparatuH iH Hound, aiul whcMi judged from 
tli(M>reiie.al conHidtu’aiiouH alone has been 
ae(iord(ul tho [>r(I(U‘(mc<) hy several writers 
on tho Hubj(Hit, It has also l)oon stoutly 
(l(I(mdod hy (lalhnular on sovoral oxplicit 
grouuds : (1) both tbo ai)panituH and tho 

oalcniation aro simplo; (2) tho iutornal 
proHHun^ upon tho Imlh do(>H not inoroaso 
with (^ho b^mpcu’aiurt^ to be measurod ; (3) 
the mumrauy is limited only by tho jweeiHion 
with which vvffiglungH (uin be? made. 

()V(U’ against this may l)e sot tho fact that 
N^Hults ohtaiiKHl with tho instrurnont havo 
rmt bo<m saliisfacfliorily (uuuionhuit, emm though 
ohsorvations with it havo hcon eoiidned to a 
Hhort rajig(^ of oasily a<500SHihl(^ ternimratinm 
4'ho Hounu'H of (MTor thus far roooguisod 
by (Inlhmduir and his active coadjutor 
Euinorfopoulos aro mainly three: (1) a 


so well known that no more than a brief 
review of them is needed hero. In tho eom- 
prohonsivo tre^atment of gas thermometry by 
Ihmning (56) throe primary correction factors 
in which lie sources of error havo boon 
em})hasiHod aiid their magnitudo tabulated 
for various temperatures. Tho data aro 
contained in Table 14, which will s(U’Vo to 
shoM'’ tho magnitudo to which those (jorroction 
factors attain in (common ])raetice ; the errors 
arising therefrom j\.ro in most casos naturally 
a small fraction of the correction stated. Tho 
cojToetlonH marked A in the table are on the 
a,Hsum[)tlon that tho prcHsuro-coofficieut of 
the gas, /h is inde))endeutly known; tboso 
marked A' aro on tho assumption that [-i has 
h(‘on dotorminod in the same apparatus. 

Of these magnitudcB it should ho stated 
that the first, of tho volume 

of the (umnecting tube between bulb and 
manometer to that of tlu^ bulb, was reduced 
by .Day and Ji^oBmau to about one -sixth 
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o£ tbo value assumed by Heimiug in the 
above computation, and its temi)oratnro and 
volume are do terminable with such accuracy 
that this can hardly bo accoimtod a major 
source of error now. 

The expansion eoonicient of the bulb material 
will always bo a factor requiring j)reciHO 
determination. To determine the ex])auHion 
coefficient of a stable and wcll-delined solid 
to a few parts in a thousand even over a very 
groat temperature range offers no dilliculty 
to-day, but the solids which are chosen for 
their refractory quality or for their impor- 
moability to certain gases may bo neither 
stable nor woll-doiined. Witness, for example, 
the materials cited in the above table which 
are those now most commonly used for high- 
temperature gas-thormomotry. Silica glass, 
and indeed all glasses, are in unstable ecpiili- 
brium in which, normal molecular forces arc 
held in chock by extromo viscosity. Dimmish 
this viscosity by exposure to a sufficiently 
high temperature and the instability will 
appear as a more or less complete change of 
physical state. Silica glass, for example, 
begins to crystallise at an appreciable rate 
at about 1100°, while at higher tomporaturos 
the change becomes rapid. More compli- 
cated glasses such as Jena 59^^^ develop 
various orystallino compounds when heated. 
Platiniridium is a stable alloy at low' tempera- 
tures but in the higher ranges loses iridium 
and may take on iron or silicon if present in 
a reducing atmosphere. With adequate pro- 
tection against these contingencies, that is to 
say, in an appropriate atmosphere and tempera- 
ture range, each of these substances has a 
determinable expansion coefficient through 
which no error of appreciable magnitude need 
enter the temperature determination. The 
effort to stretch the range of moasuromonts 
with a particular bulb to temperatures within 
the region whore the material bocoim^s 
measurably weak or incipient crystallisation 
occurs (in glasses) or a finely crystalline alloy 
becomes coarsely crystalline, brings uncertain 
expansion, i)ormanont changes of the ice- point, 
deformation, and like uncertainties imx)osHiblo 
to measure and difficult tt) appraise. 

The elastic expansion of the bulb under 
change of internal pressure need give no furtlier 
concern. Theoretically it docs not arise it\ 
the constant - pressure thermometer, though 
Callondar’s observations (with glass bulbs) 
a[q)ear not to havti been entirely free from 
the olTcota of volume-changes at any i.inu'i. 
Practically it may be coniph^tely avoided in 
the constant-volume thcrmoiueter by enelosirig 
the bulb in a bomb in which the [messun^ out- ' 
side the bulb is regulated tf) (iorn^spond to the 
pimsuro withiti, as was done by Day and 
8osman. The principal urusertaiuties met 
with in oouHtaiit-volunie gas therniomoUy 


to-day, assuiuiiig that tlu'i bulb has (xhui 
chosen a])propriati(^ly for llu' ((uupta’aturc'i 
range to 1 h^ measunxl and full a<lvaniag(^ is 
talum of existing (^xp(a'i(xic(\ a,r<^ nof^ source's 
of error properly inherent in (.In' gns-ilu'rmo- 
nuder system. They (1) (In^ (.<nnp('ra- 
turo distribution about the l>ulb, v.c. the 
urdJormMtj of Umpmdnro in (.In' spuico to In^ 
measured ; and (2) the uiufonnity of tem[n'ra- 
ture distribuliion about (.In'! nu'n'.tiry mano- 
meters. After a long expcu'it'ncc^ W'itli Ingh- 
temporaturo measurement it is our impn'ssion 
that a space Huni(n’(mt to (anffime a 200 bulb, 
nil of which has a Umi[)eraiure of 1500'’ (t 
has perhaps never been availalde to a 
student of gas-tliermonud.ry. Uow i.luM\ shall 
wo measure such a teitipcu’aturo with (bis 
precision V Ilolborn and Vaknitiinn* r('eord 
the fact that in their attempt (.o nxudi 1600'* 
with a bull) of puro iridium, diffi'nun'.c^s of 
tcnqawatuiH^ were observetl on the bulb surfac'.e 
amounting to as much as 60". I low mneli 
greater than this the temporaturt^ variations 
in the xono of measurement might lurvt^ binni 
without the integrating (dlect of the bulb wttll 
of motallic iridium it is impossible to say. The 
lirst necessity in the attainment of j)rocnHO tem- 
perature definition at 1500°, whieffi liaf)])enH f.o 
bo the temperature region in which most of the 
recent gas-tbonnomotry has btum carrh'd oufi, 
is a suitable Hi)aee nmformh/ Inxikxl to 1500°. 
Uiven this, and the ('rrors discuHH(ul above 
become relatively iusignificiant magultu(l('H. 

In the same s('use, futuio gas-l.lu'rinonu^try 
must place the long e.oluinns of nu'rtuiry 
forming the manometer in a thermostat wIum’o 
the tom])eraturo can b(^ properly (U)ntroll(Hl. 
Tt is no l<mg('r necessary at th(^ luglu^st tem- 
I peraturoH that the gas pressure within the 
bulb should not exceed one atnu)H[)hero h^st 
the b\dl) become strained and the “ con- 
I stant volume ” be jeopardised. Two or thrc'.e 
times this i)reHsut'o may be tised eipmily W('!l 
and a eorrespondiug iiKnmso of H(msil.iv{'n('HM 
attained, but the im'.reascHl b'ngfh of (.Inn 
measuring eohunn of nn'U'u ry must, not 
intr(,)duee (U’rors through unc(U’l.ain(.i(^H in I.Ik'i 
mercury tempm'atu re. A furllnx' a.dva.n(.a.g(t in 
simplified f.e<dnn()iiei would also Ix^ at l.aJmxl If a 
cl<)H(Hl-tube manojn('(i('r W(X’(^HubHl i('Ulo<l for thc^ 
more usual opc'ii-tufx^ mauonu'lor ; in many 
cases this has not Ixx'U <lon(' hllherl.o, ('hi('lly 
beoauHo it would ha.V(^ addl'd the baronnd.rle 
height to t.ho atrixuly long nnx’cury eolunm 
and the diniouK.y of tmnpi'ratnix^ control of 
the eolumn would havc^ Ixhui inerixiHixl. 

Tbo relative inagnif/ud<^ of the a<x'id<'u(al 
sotirees id' (U'ror in a (ypienJ si'l. of tin'asuri'- 
meuts with the eonHfia.nl.-voIume gaH-l.hm'mo- 
met(w jire shown in T/d)le 15, eoinpih'il by 
Day and Sosnum in eonmx'tion with their 
work on Iho nitrogixi thermoinel.er in the 
range 500" to 1550'’, 



REALISATION OF ABSOLUTE SCALE OF 


869 


TabuiJ J 5 

KxAMI'LW HHOWINd AdCUDIWTAL EUUOIIM IN (Us-TU KUMOMBTRY. MsTIMATKD ErRORS OP A CONSTANT- 
voiAiMB Nitikxjbn-tumiimomktbr at Initial JUiBsairuB oir about 200 mm, Mkrcury (Ii7) 

•Hull) niat'CM’ial ; 80 plaiimun, 20 rhodium. 

Vohiuu^ of hull) : V()- 20(5 o.o. 

Volumo of imh(‘at('(l Hpatu'i : 0*31 c.c. 

Hath) 0-00ir>. 

•Kurnaoo : ('[('(iiritally hoati'd air-hath, 

ManonudcT : ojK'H fyiK^ Ihiromctor road separately. 
ih:('HHurc-oo(^llioi(u\t <jf gas aud expanHiou-ooefliohmi of bulb assumed knowm. 

O’enTptTaturo iraushuTc'd to lixed points by platimiiu : plaiinrliodiuin thormocoiiplcs. 





Amount of Error. 

Blfeet on t. 1 

(),ua-utity Alfected. 


Source of Error. 















At 400”. 

At 1500”. 

At 400". 

At 1500°. 

( A) ';rcmj)eraturc of gas ( 

d'emperatnro dilTorencos over \ 
bulb surface j 

2 mv. 

5 mv. 

±0-2° 

±04" 

1 

VfU’iabilily 


0 

1 ,, 

0 

±0-1 



U('fenmco point 


0*02 mm. 

0*02 mm. 

=h0-04 

±0-15 



Manometer wdting 


0-02 „ 

()-()2 „ 

±0-04 

±0-15 



Scale corrections 


O-Ol „ 

O-Ol „ 

diO-02 

±0-07 

{n)P, . . „ 


'I’emrH'raturo of mercury 


iboa „ 

0-03 „ 

iO-OO 

±0-23 


Itaromeb'ii’ setUng 


()*oa „ 

04)3 „ 

±04)0 

±0-23 



'remp(n*alur(' of barometer 


0*02 „ 

0-03 „ 

±0-00 

±0-23 



[’(M'mammt variations in p^ 


0 

Oio 4)5 , 

0 

0 to ±0-3 



Ibtereueei point 


0*02 „ 

04)2 „ 

±0-{)2 

0 



Ma,nom(t(T Holting 


0-02 „ 

0-()2 „ 

±04)2 

0 



Seat' eorreotions 


()-()2 „ 

0-()2 „ 

±0-02 

0 

(B) p . . . 


O'empi'ratiire of mercury 


04)7 „ 

0-20 „ 

±0-07 

±0-05 


Itarometor sotting 


0*02 „ 

()-03 „ 

±0-03 

±0-01 



I tarorno tor tom i a rat u re 


<)-03 „ 

0-03 „ 

±0-03 

±0-01 



Knheatod space, t>i 


0-020 c.c. 

0-020 0.0. 

±0-07 

±0-5 



Clnlieated space, 


0-5-50“ 

0-5-100" 

±0-()J 

±0-1 


f 

Tnstnimcntal eorreotions 


1 mv. 

2 mv. 

±0-1 

±0-2 

(0) RM.!). . . . -| 


( Ionia mi nation 


0 

0-12 mv. 

0 

0 to 4-1-0 


[ 

luO'gration over bulb 


5 mv. 

12 mv. 

±0-5 

±1-0 


( 

Instrumental eorreotions 


1 mv. 

2 mv. 

±0-1 

±0-2 



Oontamiiiatiou 


0 

0-10 mv. 

0 

o 

1 

o 

o 

(1)) [loitita . 1 


Variation in given obarge 


Speoilio, 

1-10 mv. 

Spocilic, 0-1 to 1-0 



Variation betwoon dilloront \ 

Specif ic. 






e] larges 

1 

1-20 „ 

Spooilic, 0‘1 to 2-0 


Ill ooiuiluHioii, wo wish to record our in- 
(hditiuliKHS to Mohhi’h. L. II. Adainn, E. 
Huekingbairi, VV. W. Cobleiitz, E. ¥. Mueller, 
( 1 . W. WaidiHU*, and W. B. White for BuggOH- 
tioiiH conooruiiig variouB partB of tluH article. 
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ThJMPMIIATUHIC, SudONDAHV StANDAUDH <1()M- 

I ‘A U !•; I > W I 'I' 1 1 ( 1 A 8 - T 1 1 M HM O M lOT M 118 F< ) U 

Vauiouh KiANdRS. S(M^ ‘‘ 'r(Mn|)(n*j\.iur(\ 

ll('j(ili8a.tion of AlwoluU^ S(aU(^ of,” §§ (-7), 

(:M), (.‘m), (;{9). 

TuiMi’Hu.v’riiiU'i, Wtanoauds ok: 

Ib’imary : nn'raory (.h(8*nioni('(i(M’H of verve 
dnt\ oon8(;rnof(Ml I)y Biunliu of Bai'iw for 
IJio InU't’iuiiiiional IUhxmui of VVoightH and 
Mt^aHtiroH all S^vio^h, fho (u>rro(diioriH to 
which ov('r th(‘ rauK(' 0" to 100" <1. hav(^ 
1 ) 0(01 can'fully aHccn’taiiiCMl, ho that th(\y 
may h(wvo an fuiidaniontal tcmpiMvitun' 
HliandardH ovm’ tliin raupjo. H(^(^ ” ^I’lmnno- 
nudiry,” § (-1). 

iS(wondn.i'y, (vvailahio for jjjoiioral iiho and 
coinpanHl witih ^aH-tlan'inotnctorH. S('o 
“ 0’<m)p(M’atur(\ KioaliHatioii of AhHohito 
S<ial(^ of,” § 

0\'hIiH of, hy (loinpariHon with Standardw. 
tS(‘(^ ” 'riiormoni(diry,” § (H). 

Ob'lN.MION MmMOKIW in HtIUIOTUIUOiS. So(^ 

‘NSfrmdion'H, Strimpith of,” § (14). 

Tonhion Tkst, ” ICIaHtio. (lormtantH, 

l)(4orniina.tion of.” 

Dafa ordinarily ohnorvcMl. § (20). 

l)(4ini(iion of tJui Vi(4d Ihiinli. § (21). 

Maxinmin I.oad. § (22). 

M(4ihod of r<^portin^ lt(‘8nltH. § (25). 

(v)ujdity hmOioi'H. § (28). 

It('HidiH of d\^HtH on Alloy StnolH at High 
Toinp<M*al/UroH. § (117), O’al)lo41. 

ItivHidtiH <»f 0\wtH on Mild iSt(H4 at Varying 
4\Mnpora,liUr(^H. § (1 17), 0^d)lo 40. 

H(^HultH of OV^hIiH at Varying '’roin])oraiinm 
§§ (117) and (118). 

(rWHT BaU8 : 

IforniH of Bar for OViiHion T<^HtH. M<h) 
” BlaH(.i(^ OoimtantH, I)(4iorrnina(.iou of,” 
§ 

lAnauH of b3)da,rgod KihIh for OkaiHion ToHtH. 
Soo ihi(h § (27). 


TkST PlKOKS — pRKOAnATION AND SkLKOTION 

OK. Soo “ b]la8tic Constants, Dotonnination 
of,” § (10). 

Test HiEHTilts : 

Apparatus for dotormining the Effect of 
Toinpcraturc on Test Restdts. Sec “ Elastic 
Constants, I )otenni nation of,” § (113). 
Influence of .lAirin of Test Piece on Kesults. 
See ibid. § (41). 

Inlluonco of Time of Testing on Results. 
8eo ibid. § (42). 

TiiSTfNo Maoiiines. 8co “ Elastic Constants, 
.Deiernunation of.” 

Arnsler Testing Machine. § (9) (1). 

Arnold Machine for Alternate Bending Tests. 

§ (78) (i.). 

Arrangement of the Lover for Lever 
T(‘sting Machines. § (5). 

Av(n‘y 700,000 lbs. Horizontal Machine. 
§(7)(vL). 

Briindl Hardness. §§ (81)-(84). 

(lalihraiion by Means of a “ Standardising 
Box.” § (13) (v.). 

(lidihraiion hy th(^ Uso of a Series of Test 
I>iee(‘s. § (13) (iii.). 

(lalihration hy the Use of Crushers. § (13) 

('■•)• 

Calibration by a Standard Tost Bar. § (13) 
(i.). 

Methods of (lalihration. § (13). 

Tlio (lhar[)y Pomhdutn Impact Machine. 

§ (100) (iL). 

ComprcHsiou Shackles. § (12) (viii.). 
l)oa(i Load Calibration of tlio Emory 
Mac])ine. § (8) (v.). 

Dynamic Hardness. § (89). 

Emery d'esting Machine. § (8) (i.). 

(JeiKwal Methods of Tosthig. § (2). 

(ilripH for holding d’ost Bars. § (12). 

Crips for testing (/hain in Tension. § (12) 
(vii.). 

Crips for testing Rope. S (12) (vi.). 

CuUIery Impact Matibinc. § (H)0) (iii.). 
Horizontal CJompoimd .Lover Macbmos. § (7) 
(iv.). 

Horizontal and Vertical Arrangement of. 

§ (-‘I)- 

Izod impact Tester. § (100) (i.). 
Landgraf-Turner Alternating Bonding Im- 
pae.t Maelune. § (78) (ii.). 

Maebines using bluid Pn^ssure for estimat- 
ing the Hoad. § (9). 

Mod(wn Typi^s of Machines. § (4). 

OlseiPs 200,000 lb. Testing Maelune. § (7) 
(ii.). 

Sankey Hand Bending Testing Machine. 
§ (78) (hi.). 

S(4f-aligning Crips for. § (12) (hi.). 
Shackles for d'orsion Tests in. § (12) (xiv.). 
Slu^ar Hhaekb^s for Tests on Bar and Plato. 

§ (J2) (x.) to (xh.). 

Torsion ''PeHis. § (10). 

Transverse Tests. § (11). 
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Transverse Test Tools. § (12) (ix.). 

Using a Diajihragm as a Moans of Record. 

§ (B). 

Vertical Compound Lovor Machines. § (7). 
Vertical Single Lover Machines. § (()). 
Werder Single Jjovor Horizontal Machine. 

S (<>) (v.)- 

Testing Maciitnes ron Rkimoated Stress 
Tests. See “ Elastic Constants, Deter- 
mination of.” 

Direct Stress Machines employing an Alter- 
nating Current. § (71) (iv.). 

Direct Stress Machines employing an Un- 
halancod Weight. § (71) (hi.). 

General Methods. §(71). 

Rotating Cantilever (Wohler) Type. § (71) 
(i.). 

Thermal Capacity op a Substance. The 
quantity of heat required to raise the tem- 
perature of unit mass of the substance 1”. 
It depends to some extent on the range 
soleotod. 

THERMAL EXPANSION 

Most properties of material bodies vary with 
temperature. Amongst those must ho in- 
cluded the size of a body. In the majority of 
cases this increases with rise in tomporaturo. 
Notable exceptions are found, however, in the 
case of water and sumo aqueous solutions 
wliich undergo contraction in the range from 
0°-4° C. (approximately) ; and in that of 
iodide of silver (rosolidilied) which has a 
minimum volume at about 142° 0. 

In making those statements we are tacitly 
taking for granted that wo poasi^as a satis- 
factory way of measuring temperature. The 
methods in use are described in the article on 
“ Thermometry.” 

Each dimension of the expanding body 
changes. In the case of isotropic solids 
(which, as their name implies, have tho same 
properties in all directions) tho expansion of 
a line of unit length drawn in the body 
is indeiiondont of the direction in which it 
is drawn. Bodies which liavi^ this property 
are either amorjihous (e.g. glass) or belong to 
tho regular system of crystals (c.r/. rock-salt, 
diamond). Metals may usually ho treatiHl as 
isotropic, hocauso although they arc partly 
crystalline tlio crystals arc not arranged in 
any selective way and tho amrage proportii^s 
are independent of dirochuon. 

I. IsOTItOPlO kSoiADH 

§(1) Linear Exi'ansdn. — Lot tlio distance 
botwocn two ])ointH in tho body at O'Mb bo 
and at t>° 0. bo l^. If wo write 

k -/«(! 1 U), 

then X is usually a ])osiHvc ((uantity and is 
called tlxo mean ({(wdliciont of linear expansion 


between 0 and i"' (b It is not a consLud', but 
varies with the rang(‘ of tPiupiM’niun^ Hidectc'd. 
The value of X is tpiite snuill, and usually 
special devices must h(^ adopbal to (mahli^ 
it to he determin(^d. It is mosi. (Nisily 
mined in the i^aiSe of a, long rod oi* wir(> or sl rij) 
of the material. The (lia,ng<^ of liMigth of an 
iron rod one metric long wlum raised from 20" (b 
to 100" (b is about 1 nun. Tlu^ propoi'tional 
aeeiiracy with which X (^a,n be oliiiuiiKMl is 
about tile same as that with wliieh the duingt^ 
equal to 1 mm. can be measunsl. Many 
methods (omm regarded as stiandard ones) 
have now beeomo lustoric, having Ixhui super- 
sedod (methods of Lavoisier a-nd Laplac<% 
Ramsdon, etc.). 11ie most HatlHfa.ct.ory dinxh 
methods are tlu^ two following. 

§ (2) MaTEHIAIj in THE KORM OP A LoN(J Roi) 
OR Wire or ^STR^^ Gomi'akator Method. 
— ff the body is a rod it may bo Hupi>orte(l 
horizontally in Hindi a way that its expansion 
is not resisted. If a wire or stri[>, it should b(^ 
suspeudoil vertiiailly (so as to avoid sagging), 
a small load btang adixed to keoj) it taut. 
In each case two lidudal marks are made on 
tho body and tho distanc.e ajiart nuMisured at 
an observed tomiiorature either by a 
cathotoinotcr or by rougher means, ace.onling 
to tho accuracy rcHiuirod. 

In order that tho tempei’aiiu’e may be 
adjusted tho body must Ix^ surroumhHl by a 
jacket through wludi sl.iuun oi' oliluM’ vapour 
may be })aHse(l. 'Phis jack(d» must be provided 
with windows of plane parallel glass oi' iniini 
placed so thati tln^ (idueial liiu^s may b(^ obsiu’visl 
through them. Each sueh line is observi'd 
through a separate mieroseojie, providiMl with 
an eyei)iec(^ micrometm* or eaiiahlt^ of a 
small parallel motion in tho dinHitiou of the 
expansion, this motion Ixlng indic-atiHl by a 
micromotor screw. If di and d/ are tlu^ 
micrometer rivulings at a tempm'ature mid 
d^ and d./ are the readings at L (i'(hIu(U‘(I if 
iioccsHary to tlie units in which /, is nuNiMuriMl), 
then the distance ludiWiMm tlu^ Ihl acini lim^s at 

is/^ -|■(^// d/) (d.j. i/,). < billing (, his W(^ 

have 

/o(l I AM, L /o(l lAL), 

^2 I I AL)( I A/j I ' <d(‘.). 

The (.(unns XG and Kl^ a.re usually so sniall 
that this can ho writtiai approNimaldy 

(, /,|llX(L /,)|. 

§ (2) Eizeau’h Inteupeuknce Method.'- 
This is an ofifiic.al melliod {h^pimdiiig upon the 
eolours of thin plati^s and having tls' advantage 
that only small quantitii^s of material an^ 
reciuired. It is espisually usi'ful thm’efori' for 
the investigation of erysialH. d'la^ Hul)H(,anc(^ 

‘ Anit.de (dihn, H IHOg I*', II. ; IHUil, \lll. 

ujir>. 
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to 1)0 iiiv('Htl^at(Hl iri <uii, into a ])lato with 
l)fU'ivll<^l fao(\M, froni 1 to 10 nun. thick. TIuh 
plato k (A7V/. 1) rowt-H ou a piano rnotal (Uho 
AB, which iH Hup[)orto(l on throo rnotal hoiwh 
I t, and in tlunr turn 
Huppori aHocond plato 
(of ^dawH) 01), which 
can !)(', broupfht very 
near the towt idato 
P by adjuHtinp^ the 
HorowH. A Ixaun of 
li^ht f)dlH ])or])on- 
<li(nilai’ly on the jj;lasa 
])latcs at th('i Hoooml Hnrfaco of which it 
iM partially ndhahiod ; the roinaindor pasning 
iul.o l.ho air-gap hii1T(M’h HuccoHaivo rollootiouH 
ba,ckvvardH and forwarda within it, part of 
i(> ('Heaping npwardH at each incidenoo upon 
thci ghiiHH plate. Iutorf(M’onco bt^tvvoon thcHO 
(nnorging rayH prodtiooa intorhn-onco banda 
forinod in th<^ aaino g(Mioral waiy aa Nowton’a 
ringH. Ki/.oau uaod whit(^ Viglit, and dotor- 
niinod tbo poaition of tho fring('ia with nva poet to 
linoa draavn on tln^ innhw auhs of tlio glaaa plato. 
Tlu^ir ])oaitionH dojanid upon tln'i thicknoHa of 
tih(' air-gap b('tW(H‘n P ainl 01). In later forma 
of tiho dovio(\ duo to Abbo, i.ln’i diatanoo aorowa 
arc roplacc'd by a hollow oylindor (or ring) of 
(|\iart/i out with ita gemorating lim’JH ])arallol to 
Q iih(u)ptic axia. 7'’ho apocinion 

\0(ii$slor in placed inaido thia oylindor. 
0 Tuha rnotal and glaaa idatoa 

n are replaced by quarts ^datofl. 

'riio omorging liglit ia oxaminod 
iihrough a tokiaoopo and jiriam 
(A'/f/. 2). Mdio light from a Ooiaalor 
(iid)o ia naod. it ontora tho tolo- 
Ho.opo tid)o at right angloa, ia 
deviated down tho tube hy moana 
of a Htuall right-angle {n’iam, and 
paHHOH through tho not of luiama 
ludoro incithnioo upon tho plato. 

'Pho fring(^H are now formed in tho 
focal plane of tho objt^edivo. ’'Phoy 
would bo circular if the air-gap had 
pu'oiacly parallel fac'oa ; in i)ra(dico 
the platea mv. alightly inc.Iin(^d and 
then tho friiigea h(HU)mo more nearly 
parallel ai^raight linoa. 

If (ihia arrangement ia i)lao.od in a 
ehamiHU’ whicii can ho luuitod (iio 
fringoa are diaplacod, b(H‘,aua(^ tho air- 
gU/p changoH in thhdun^aa owing to the diiTor- 
outial (^xj)analou of tho ac-rowa and teat [)ioco. 

By thia inoana very aniall changoa of thick- 
noaa can he obHcrv(Hl. Thua, if tho centre of 
one hand ia <lia()ln,c.(ul through tho diatanoo 
Ixdwoou two bright handa, tho air-gap haa 
cluMigod through half a waY(^-longih of the 


rSi. ;2- 


Pm. 2. 


light cmxdoycd ; i.e. for sodium light about 
•000020 cm. If tho specimen ia transj)arent 
its lower face Hhoidd bo blackened to prevent 
rolloetiou at that face. 

Tho ox])ansi()n of tho screws is clotorminod 
by making observations without the plate of 
crystal in between. The use of the quartz 
ring instead of tho screws requires a previous 
careful study of tho expansion of quartz. 
Tutton 1ms modified the apparatus by placing 
tho specimen on a ])lato of aluminium, the 
thickness of which is made such that tho 
cxj)ansions of tho quartz and aluminium just 
cancel each other. It is not likely, however, 
that thia compensation will bo com])letc at all 
temperatures. 

§ ( 4 ) TKMPmATURic Variations of tub Co- 
BFFtcuFNT. — Tlio mean coefficient, as has been 
said, varies according to tho temperature range 
to which it relates ; that is to say, it is itself 
a function of the temperature ; or, in other 
w^ords, tho relation between length and tem- 
perature is not a linear one. A more complete 
representation can bo made by writing 
I -/o(l- -I + , etc.), 

wdien Xp etc., are constants to bo determined 
from experiment. If no powers of t higher 
than tlie second are retained tho relation is 
jiarabolic^, corresponding to concave or convex 
e.urvaturo upwards according as \ is positive 
or negative. In most cases it is positive ; a 
body becoming more expansible as tho tem- 
perature rises. 

To liud Xj, X2 from experiment tho length I 
at each of tlirce temperatures ^3, must bo 

mooHurod. Thus three equations are obtained, 

li' ■l(j I 

^ 3“”^0 1 ^0^1 ^3 “1 ^ 0 ^ 2 ^ 3 ^» 

wliich must be solved Himulianeously for Zq, ZqX^, and 
ZqXj. They can he r(‘ducod to two hy subtraction, 
whence 

h'~ l'i'"doXi(/3 - (i) ; 

whet) CO 

atul 

{k h)(k-lx) ■(k-hWi-l'i) 

“ ('a -<>)“('a--0’ 

'!l''he value of /q is next found by instwting those 
vtilucH in any one. of the initial (equations, atid thus 
Xj and Xj can ultiuiatriy he found. Such an etpui- 
tioii is (piite cunpirioal ; molecular theory is not 
HuHioit'inily twlvanccHl to indicate a satisfactory 
theoretical formula. Various oth<‘r omi>irical formula 
may be employed ; e.f/. instead of tho simple formula 
I Iq{] I-XZ), it is usually more satisfactory to write 
I Zo/(l«-X/), where X must he chosen to fit experi- 
mental observations best. 

§ (5) Aiuoa and Volxjmk Expansion. — T ho 
change of area of any oross-soction or of tho 



874 


THERMAL EXPANSION 


surface of the body can easily be deduced. If 
we take a rectangle, as typical, the sides of 
which are and change to I and 6, where 

l = Xt), and 6 = 6o( I + 

then 

lb = lM^+W> or A=Ao(l+X02, 

where A^ and A are the original and new 
areas. Since in practice \t is usually a small 
quantity, we can write 

A = Ao(l +Xi)^=Ao(l -b^Xt) approximately. 

The change of area follows approximately the 
same law as the change of length, but with 
double the coefficient. In the same way the 
change of volume of a parallelepiped is given 
by 

V=V„(1 +X^)^ 

or approximately 

V = Vo(l+3Xi). 

The value 3X is called the coefficient of volume 
expansion (or cubical expansion). These 
formulae are only approximate. When the 
required precision justifies the use of more 
exact expressions for the hnear expansion 
they must be modified accordingly. Thus, 
adding a term containing the square of the 
change of temperature, 

V = Vo(l +Xii + X2i*^)® 

:^-Vo(H-3Xi^-{-3(X2+Xi2)^2). 

Such formulae are easily worked out when 
required. We will be content with pointing 
out that the terms of higher powers become 
increasingly important at higher temperatures. 

It should be mentioned that the expansion 
of a hollow vessel is the same as if it were 
solid throughout. For the expansion of any 
part of the material is in a fixed proportion 
independent of the other parts ; hence the 
whole of the central part may be removed 
without altering the change in the peripheral 
part. This assumes that the shell is perfectly 
homogeneous. 

§ (6) Expansion of Silica Glass. — The im- 
portance of silica glass (i.e. quartz which has 
been decry stalhsed by fusion and subsequent 
solidification) in thermometric work has caused 
considerable attention to be paid to it. The 
extreme smallness of its expansion-coefficient 
makes the optical method (Eizeau) the most 
feasible one. This has been employed by 
Chappuis,^ Scheel and Heuse,^ Randall,^ and 
Dorsey.^ Callendar® obtained the value 
•59 X 10-® for the mean coefficient of expansion 
(linear) between room temperature and 1000° 0. 

^ Chappuis, Proems Yerbaux Inter. Comm, des 
Poids et Mesures, 1903, p. 75, 

2 Scheel and Heuse, Yerh. d. D. Phys. Ges., 1907, 
IX. 718-721 ; 1914, xvi. 

3 Eandall, Physical Review, 1910, xxx, 216. 

* Dorsey, Physical Review, 1907, xxv. 88 : 1910, 
xxx. 271. 

® Chemical News, 1901, Ixxxiii. 151. 


of a silica rod 40 cm. long. He stated that 
the expansion is uniform up to 1000° C., in- 
creases rapidly from 1000° to 1400° and changes 
to a contraction beyond that point. The 
length was measured by a micrometer micro- 
scope, and the temperature was measured by 
the expansion of a surrounding platinum 
cylinder which was heated by passing an 
electric current through it, and thus heated 


the silica in turn. 

Holborn and Henning used a rod of silica 
52 cm. long and, by a microscopic method,® 
measured the length 
at room tempera- 
ture, 250°, 500°, 

750°, and 1000°, 
using electrical 
heating inside a 
porcelain jacket. 

The temperatures 
at different points 
of the rod were 
measured by 
thermocouples. 

The results of all these investigators have 
been co-ordinated by G. W. C. Kaye,’ and are 
shown on the subjoined curve. 

This curve was drawn out on a large scale, 
and from it the following mean coefficients 
were derived by him : 
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Temperature 
Range, ® C. 

Mean 

Coefficient A* 

Temperature 
Range, ® C. 

Mean 

Coefficient A- 

-160 to -120 
-120 to- 80 

- 80 to- 40 

- 40 to 0 

Oto 30 

-043X10-® 

-0*11 n 
-j-0-14 „ 

0.31 „ 1 
042 „ 1 

30 to 100 
100 to 500 
500 to 900 
900 to 1100 

0-53x10-® 
0-58 „ 

0-50 „ 

o-so „ 


The negative coefficient below - 80° C. is of 
great interest. 

An investigation by Callendar on a silica rod, 
using a Newton’s ring method, gave results 
between 20° and 300° 0., which he represents 
by the formula 


X = 





10-8, 


wffiere X is the mean coefficient between 
0° and i° C. 

Some experiments by Callendar ® appear to 
show that silica glass, when drawn into tubular 
form, is not isotropic. Further investigations 
are required under this head. 

§ (7) Experimental Results. — We give 
next some experimental values for different 
substances obtained by various methods. 
Writing 


I — +A^-1-H^^), 

the values of A and B are as follows : ^Xj^q is 
the mean coefficient between 0° and 100° C. 


® H. and H., Ann. der Phys., 1903, x. 447. 
’ Kaye, RMl. Mag., 1910, cxv. 723. 

® Callendar, Phil. Mag., 1912, xxiii. 998. 
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! 

A V io«. 

B X 10 10. 

10®o'’'-ioo* 

Author. 

Cadmium 

2693 

466 

3159 

1 


Lead 

2726 

74 

2800 



Copper 

1481 

185 

1660 


■Matthiessen. 

l^alladium 

1011 

93 

1104 




[ 851 

35 

880 



Platinum 

I 880-6 

19-5 


, 

Schoel. 


I 880-8 

13-24 



Holborn and Day. 


[ 890-1 

12-1 



BenOit. 

Palladium 

/ 1101-2 

32-3 



Scheel. 


\ 1167-0 

21-87 

1 


Holborn and Day. 

Porcelain 

! 272-1 

30-0 




Jena 59"" 

500-8 

29-0 


j 

Scheel. 


Measurements of the linear coefficient 
X = l/^n'(iZZ/(iT) at very low temi:»eratures have 
been made by many investigators.^ 

These determinations are of great interest, 
because E. Gruneisen ^ has shown that there 
is almost strict proportionality in the case 
of metals between the coefficient of expansion 
and the specific heat of constant pressure 0,,. 
Data are given below, together wnth the value 
of the ratio X/Cj,. 


r C. 


Kioycp. 

- 173® 

Aluminium 

13-G 

(107) 

-100 

18-2 

109 

0 

23-0 

110 

100 

24-9 

112 

300 

29-0 

119 

438 

29-8 

112 

-87° 

Wrought Iron 
9-0 

105 

0 

11-7 

109 

100 

12-7 

109 

300 

14-8 

104 

500 

17-0 

89 

700 

10-0 

50 

880° -950° 

24-5 

i 112 

-87° ! 

Nickel 

10-1 ! 

117 

0 

12-5 

120 

100 

140 

121 

300 

16 

114 

500 

16-8 

12G 

-87° 

Copper 

14-1 

174 

0 

16-1 

177 

100 

16-9 

180 

400 

19-3 

179 

600 

t 20-9 

182 


* 11, I). AyrcH, Phys. Rew, 1905, xx. 38 ; F. Hen- 
nlnp:, Ann. d. Phys., 1907, xxii. 031 ; K. Scheel, 
Verh. d. Deidseh. Phyaik. Oes., 1907, ix. 3 ; K. 8chcel 
and Heiise, Verh. d. Dentsch. Physik. Qes. p. 449 ; 
J. S. Hhcarcr, Phys. 1005, xx. 52. 

* Ann. der Physt., 1908, xxvi. 211. 



' AX10“. 

AlOVC^). 

-150° 

Palladium 

9-2 

192 

-100 

10-1 

191 

0 

11-5 

198 

100 

12-2 

197 

876 

15-5 

204 

-167° 

Silver 

15 

(319) 

- 87 

17-1 

329 

0 

18-3 

327 

100 

19-2 

331 

600 

23-1 

350 

800 1 

26-0 , 

342 

0° 

Iridium 

G-3C 

205 

100 

7-0 

212 

1200 

9-5 

207 

-150° 

Platinum 

7-4 

269 

-100 

7-9 

208 

0 

8-9 

280 

100 

9-2 

277 

875 

11-2 

267 


It will be seen that the linear coefficient 
diminishes with fall in temperature. It is 
certain now that the specific heat falls at an 
increasing rate until near the absolute zero, 
but finally varies as the cube of the absolute 
temperature. It may be expected therefore 
that the coefficient of expansion will do like- 
wise, becoming zero at the absolute zero itself. 

II. Expansion op Non-isotropic Crystals 

§ (8) Theoretical Consideration.— When 
the crystal is non-isotropic, its expansion 
with temperature is different in different 
directions. This was first shown to be the 
case by Mitscherlioh, who discovered that the 
angles between the faces of a cleave of Iceland 
spar vary with a change in temperature. Let 
us assume that three mutually perpendicular 
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(lircotions in tho (Tyntal (lan bo huoU 

that if two particloH Uo at oiio iotuporatun^ 
on any one of thoHO axoH they will oontinuo 
to do HO if tho tennporatun^ in aliened. ^Po 
oacli of tlioB(^ dinadiotiH, x, ?/, z, oorroHpondH 
a coolliciiont of linear expannion, X^, X„, X» 
roapeotivoly. ^Phoao arc called tlu^ 1 )nncii)al 
ooolli(‘-iontH. A cube, each odf^o of whi(5h in 
at zero toniporaturo with ita odgt^H parallel 
to ono or othor of thoHo dinaitioim wilh on 
chaugo of toinporatnro, ])Ooonic a ])aralloloj)ipod 
wln>so edges arc given by 

lx 'b 

ly ■-Zo(l H“Xi/i), 
lx '-"/()( I -f \st), 

and tho volume becomes 

Lot us now take jiny Htraiglit lino of length n 
making angles 6?, (py and xp with tho ax(‘H y, z, 
and kit it ohaiigo in tomporatiiro ho as to hoconio 
of length p at f Cl whoro 

p ^r{i jSt). 

Then since tho square on p is o(pial to tho sum of 
tho squares of its projections on a, y, 2 , 

p2-ay2 QQg2 0 (l-l-Xa:/)^ COH^ (f) (1 i Xyf)^ 

% r2 ^2rH{\iD cos^ 0 H-Xi/ cos^ (p -hX« oos^ \p) 
whence 

|3=«Xaj cos® 0 -l“Xv cos® </) -I X* cos** xp. 

Now take anp throe mutually i)(Tponditnilar dmwtionH 
of which that of p is one. Thim 

Pi -Xflj COH^ ■ bXy COH^ 95> ■ I Xa oos** \j/, 

/Sa-Xa, cos^ 0'| Xi/ coh '-^ i/^dX* oos^ Oy 
^3=Xa! COH“ \p I \y COH“ 0 -|-X* OOS^ <p. 
hut siaeo cos® (!/ |-coh® </j-|-c()S® i/^=S I, 
it follows that 

Pl‘\ P% 1/^3 'Xaj 1‘Xy i Xj;. 

H(uict^ this sum is an invariant for all Huoh n<‘tH of 
mutually pcTpcmdicuilar axc^s. W(^ liavo H('en Uiat 
this sum is ('qua! api)roxiniat('ly to tho (iO(‘nioi(M»t 
of volume ox])anHion. 

If we soloct a direettion whioh tnakc^H the 
same angle <j} with ea<di of tho ehhd axtw ho 
that 

(lOH® W COH® /'I (lOH® </' 

and for wliich oj is tlxn’oforo .74" *\A\ then for 

tluH (linKstion 

P (A» -I Ky I \x) COH® a> 
i(A. I Av I- A,). 

HO that the linear (uxdlicnent for tluH dinad.ion 
JH the arithni(4-ic nxMiii of tho throe chief 
coonhuentH. 


§ (D) Mxim'Iiummntao ItHsni/rs. 'Plu^ bcHl, 
vahies of tln^ ('(adlichnitH havt' h('('n (hdtM'iniiU'd 
hy h''i/-eau'H nu^tlnxl. In Honn^ eaH<'H liiuMU’ (mhj- 
traction iala^H plam^ (in porlieular <lii'(‘(4.ionH) 
instead of <>xpn.nHion : bni. Ihin contranlion is 
alwayH v(wy Hinall. 'Plu' volnnx' (MudrumMit in 
alwayH poHilivn''. In the lu'xagonal nyHiiou 
Pfalf found that in optically lU'gadivM' eryntalM 
tlic oxpaiiHion along tin" a.xin in always gi’<'ut(M’ 
than at right angh^H tlnnvdo ; while tin' n'vu'rst^ 
holds for optically ponitive eryHtals. The 
valm^H for (piartz and I e, ('land spar havu^ Ix'i'ti 
very caiX'fully (hditwiniinsl by Ih'iioit-, using 
Pulfrich’s modilumtion of hiz('!tirH api)andiUH. 
Kor quartz tho length along tln^ axis Ix'twiu'n 
0" (1. and 80" (A is given by 

k fo(Ll“7-10l4N 10 H 1 4)0801 \ 10'"/®), 
and p(U’pondi(ndar to tln^ axis by 

k /o(l l L‘i-2r>4(; :< 10““/, 1 4)1 ion x 10 “/«). 

■For Iceland spar the corrt'spouding valm'S 
between 0" C. and 80" (t are : 

Along the axis 

k do(l l 25.1350 X 10-“/ 4' 4)1 180x10 «/®). 
Forpondumlar to tho axis 

Zr "/o(l • ■ 5.5782 x 10“'>/4 4)0138 x 10 “/“). 

The last equation iiidhmO's a ((onlivrelion 
with inereaso in teinpcu’adure. 

hedorow ' has ('inj)loyod a in^w nn4hod for 
tho exafuination of (uysta-lH. hupOum^ 

of a sec'.tion of (lu^ (uystn.! (out in any dc'sin'd 
plane) is <ioa4(Ml wii-h a Ihin lay(n‘ of it nobh^ 
, metal and a dilTracdlon gniting is ruh'd 
thereon. IE tln^ grating spiico chang<w with 
tom[)erature tht^ d(4le(4iiotis of the spt'ctra 
changes in iibout tho same proportion. Thest^ 
shifts ouahlo tho iluu’nntl (expansion to bo 
studicHl. 

Even an apparently homog(UjeouH jnasH Iik(' 
(Jarrara rnarbh^ oxlul)its e,rystaUin<'t pro|K'rti<‘H. 
i.o. tln^ (^xpitnsion is dilhu'i'nli ii\ diOVrc'iil, 
diiXHdions. V(ny ear<'ful nn'.MHnri'nn'ntH Inive 
be('n niiido on ii Hpt'ciiiKMi obtiiiiu'd fnnn (h<' 
Japii.u('S(^ InqM'riitl Mnsi'iim by 11. Nisi, by 
UHviuH of (h(' ld/.(siu-l‘ulfi’ieb nu'lhod. Hollow 
eyliinlricitl rings W('i’o cul, in diHen'nf ir/hnuths, 
itnd hu'nn'd tln^ disl-ainu^ pi(M'('H of the two 
plat.('S b(Htw<'<'n wbieb inl.('rf(M’(s^('<^ llgunn-t W('r<' 
obtaimnl. At 20" th<' (!o(4riei(‘n(.n for thr('(^ 
mutually piuqx'tnlicubir diix'etions Wi'ix'; 

X, ■//. 

iMtHpiudmon . iPOri >: I()-« -1*4H ^ 10-*» H-OS 

‘.Jnd Hpivlnum . ii'O.'* x 10 “'* , sq-t . Kr*' 

VidnoH W(M’(^ also obtuiiu'd for otln'rir/dituil.hH; 
lhoH(^ in tlu^ .r, y phine Ih^ m'UHibly npoit an 
(dlipse. Ni'itrO" (t du' (^xpjuntion wuh n('ga4iv(' 
in and instr the .r dnxH'tion. In eoninsdJon 

' Mirhiixh tiff KriiHUtUiHimphie (8t. Petm'Hburg, 

1001 ). 
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wilJj iiliis (n’yHliaHiiK^ [)n)))orty ii may bo added 
iliai marbles cxliiluiH dolhiUc cloavaj^o ])lanoH. 


111. KxrANHroN on' LujurDH 

i^(l()) Mk AH nil KM 10 NT OK TUK RklATIVM 

Rxkanhion. ■ - III iho luiHo o£ li(|iudR tbo 
voluino (‘xpauHioti alone liaH any Higuilkiauco, 
for a lipiud han no itdriuHKi Hhapo, but takes 
(bo Hhapi^ of that pari; of a vohhoI wliioh it 
oeonpih^H. W(^ (‘.an ajJiain exprcHH tUo volume 
in pow(M-rt of lb(^ bnnporaturo, writing 

V 1 a,/- 1 . . .), 

or approxiinalioly 

V :V„(l-| a,«). 

In inoHli of iiho inolbodH of dotormiuing 
(^xpi'i'inumtally tbo (^xiiaiiHion of tbo vohboI 
(in wlu(hi tln^ liipiid in noocHHarily eoniainod) 
ontiM'H aH a oom])lioation, and it Ih theroforo 
mau'HHary, in Hinhi (uihoh, to have a jirovions 
knowledge of tlui eoelboient of tiio solid of 
wbi(di the voHHi^l irt inaih^. ^I'wo nadboclB will 
Ik' (h’lHiu'ibcid whioh fall into tluH (dasB. 

(i.) hctmuindllan of a, hi/ jUidinij the 
A/iixinuit \V<'ii//it of (t HoUd in> the 

Lh/iild (it \'((rioits Ti'nipmiluren. Arebi- 
ni(^d(‘H’ priiK’.iplo tb(^ appariMit wtught of the 
Holid W„ in iMpial to tbo real weight W minuH 
tbo weight w of an ('(lual voluino of the Ihinid, 
or 

w ; VV * Wfl : vol. X detiHity of liipiid 
VI). 

b(d/ w b(^ (hdonninod at two tomx)oraturos, then 


m, V.,IV 


Now tb(^ ratio of tlu^ (hniHiticB of the li(tuid 
inuHt ho inv(M*H(dy as th(^ ratio of the volumoH 
of a i/lveii iiiim of li(|nid, 

1 ).j J ■ I ‘ 

Da J '\'alf 

Mho (KuiHidoring tlu^ HoUd, 

Vg I ‘I '7^2 
Vi M t 7 «i' 

wlu^n^ y iH ooidboicait of volume expansion of 
th(i Bolid. llonc!(^ 

a', I l b 7^1 
1 tail ‘ 1 I yt>f 

HO that a knowl(Hlg(i of y onabli’iH a to bo 
oahudaUHl from the obHorv<ul valuoH of w and 
I, Approximately, in iiHual easeiB this can bo 
written 

. I I ’<'^'(^'2 h) 

'i-\ y(t'i-h) 

\lb(a"- 7 )fe-«» 


so that tlio alteration of apparent weight is 
the same as if tlio volume of the solid had 
romainod unaltered and the coefficient of 
oxfiansion of tbo liquid had been a-y. The 
value of a - 7 is called the coefficient of 
apparent expansion. When tlie difference of 
tem])crature is too great to justify the last 
ajiproximation, wo can write 

“ ^i) ’ : “lb ~ h) 


or 


— tf) * 


As a rule the last term is very nearly equal to 
y. If amorphouB silica is used as the solid 
the correction for y is exceedingly small, and 
it may (“iften ho nogloctcd entirely. 

*(ii.) The Weight - thermometer Method,. — 
A vcBBcl is taken of the shape shown, usually 
of ghiHB or silica. This can be completely 
lillod with the liquid under examination by 
alternately heating and cooling it while the 
open end dips under the liquid 
in a ])()reelain crucible. There 
is ofU’iii a dini(!ulty in remov- 
ing the last trace of air which 
HticdcB in the neck. TIuh can 
only bo done by boiling the 
lupiid which has ontored until 
half (or more) is ova])oratcd 
and then lotting it cool, re- 
|)oating the operation if it 
(l()(^s not su( 5 Ccod the lirst 
time. The (jourso of tho experiment consists 
in lotting tho tilled thormomotor attain two 
tomporaturoH in succession, the open end 
being kept immorsod in the li(j[uid in the 
crucible, and weighing, it after each adjust- 
ment. If tho weight of tho empty thormo- 
motor has been d(bormiuod oneo for all, tho 
weighings give tlu^ weight of liquid contained 
at the reB])octivo tom poraturcs. Tho calcula- 
tion of tho coefficient follows tho same lines 
as in case (i.); in fact no further change is 
iKHJOHHary, if arc takim as tho weights 

of Ihjuid oontainiHl at the two temperatures, 
and V^, Vj5 ai’cs the corresponding volumes of 
tho containing vobsoI Jionco, finally, 


Tig. d. 


a 


. iih ““ ’"2 


1’ho nocesHity of knowing 7 before a can bo 
calculated Ih a defect of both thoHo methods, 
it iH praebieally imposHible to dotormino 7 
direcstly for the actual vessol employed. 
Moreover, there is often doubt as to whether 
th(^ material oC tho vessol can bo tixuitcd as 
iHotropic., even when very well annealed. 
Owing to tho introduction of Hilica that has 
boon fused and rosoliditiod in tho non- 
erystallirwi form tbo importance of 7 is much 
diminished. Its value for glass is about 
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3 X -000009 or -000027 ; while for silica it is only 
•0000005 X 3 or *0000015. The value of y for 
mercury is about -000182, so that the apparent 
coefficient in glass is about -000155, while in 
sihca it is -0001805. It is evident that even 
an approximate value in the case of silica will 
be sufficiently good except in investigations 
of the highest precision. 

The introduction" of silica has the additional 
advantage that the manipulation is much 
simplified. With glass it is necessary to heat 
the vessel and incoming liquid nearly to the 
same temperature in the process of filling in 
order to prevent fracture from a sudden change 
in temperature. In the case of a silica 
thermometer no such precaution is required. 

This method is of great use for determin- 
ing the coefficient for a solid indirectly. In 
this case the coefficient for the liquid must 
first be known. We describe in § ( 11 ) the 
only known method by which it can be 
determined. It is not usually possible to 
make the thermometer out of the material 
under test. A thermometer of glass (or 
silica) can be made containing a weighed 
block of the test specimen. The volume 
occupied by the liquid, is now the difference 
between the volumes of the vessel V and of its 
sohd contents {v'). As before, we have for 
the liquid, at two temperatures, 

w . V -, D, V .,. 

approximately, 


or 

Now if 


Vi Vi-?;! Wi ’ 

V2 = Vi(l+70 


and V 2 ~Vi(l+st), 

this becomes 

v-L - v/ w-r ’ 


The volumes and Vi can be calculated from 
the weights of the solid and of the liquid at 
if their densities at that temperature are 
known. Hence a further previous knowledge 
of a and y enables the coefficient s for the 
sohd to be determined. 

Any form of specific gravity bottle is essenti- 
ally a weight thermometer. The removable 
stopper facihtates the introduction of any 
hquid or soHd. 

(iii.) Volume Thermometer Method. — The 
principle of this method is very similar to that 
of the weight thermometer, but volumes are 
observed instead of weights. A bulb is taken 
with a stem of uniform bore attached. A scale 
can be graduated upon the stem, or alterna- 
tively a single fiducial mark can be made 
thereon, and by means of a cathetometer the 
distance of the level of the hquid from this 
mark can be read. It is necessary first to 


find the volume of the bulb up to the zero of the 
scale; this is done by weighing the thermometer 
empty and containing mercury up to the zero 
when in melting ice. If now an additional 
amount of mercury is admitted, so 
that the surface at 0° C. is at the 
level a, and the whole is reweighed, 
the extra weight gives the volume of 
a divisions of scale in the same 
units as the weight of the original 
mercury gives the volume of the 
bulb ; and from these data the volume 
corresponding to one scale division 
when at 0° C. can be calculated ; let 
it be Vq. I'ig. 5. 

Now expel the mercury and replace 
it by the liquid under test. Observe the 
positions Xq of the surface at 0° C. and at 
C. Then 
liquid are 




the volumes occupied by the 


Vo + XqVq and ( Vq + iriro)(l + yt), 
(7 = vol. coefficient for vessel), so that 


(Vo + a;iVo)(l + yl) = (Vo + Vo)(l + ^t) ; 

whence, if 7 is known, a is calculable. 

If the alternative method is employed, i.e. 
the lengths are read by means of an independ- 
ent scale {e.g. the scale of a cathetometer) 
at the temperature and if is the linear 
coefficient of expansion of the scale and 
that of the material of the bulb, the volume 
of a true centimetric length of stem at a 
temperature i is = ?;(,(1 -f 2\gt). Hence if the 
scale readings are in every case reduced to 
true centimetres by multiplying by 1 4 - 
the formula becomes 


Vo(l + 3^Xi) + a;i?;o(l +2X^^) = (Vo + .ro^’o)(l -fai), 

where and x^ are the scale readings after 
reduction to zero. 

§ (11) Absolute Expansion of a Liquid.— 
There is only one method of determining a 
which does not require a knowledge of the 
expansion of the containing vessel. This was 
devised by Dulong et Petit 
and employed by them and, 
with various modifications, by 
Regnault, Callendar, and others. 1 1 /?, 

It is a hydrostatic method, 
use being made of the fact 
that the increase of pressure 
with depth in a liquid is pro- 
portional to its density as C- 

well as to the difference in 
depth. If two liquids (which do not mix) 
are placed in the two limbs of a U-tubo 
the interface A between them adjusts itself 
so that the hydrostatic pressure thereat is 
the same as that at the same level in the 
other limb. If the heights of liquid in the 
two limbs (measured from the level of the 
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Now, iiiHioad 




iniorfa,(U‘) am and //jj and Uu^ donHitioH of tlio 
li(Hn<lH am I), a,nd Do, Uuai 

PA 

of ia.kin,<i; two liqnidH, let a 

Hin^l(^ li<iuid bo con- 
taiiUHl ill both limbs so 
B_ that tlie free surfaeo in 
I both comoH to the samo 
I level when both limbs 

are at one ternporatnre; 
they will fail to do so 
when a dilTereuee of tom- 
poratnm exists between 
ttiein, for they will then 
1)0 of dilTcrent densities. 
Ijot the len^^ths of the 
b catted 






Ido. 


and iiiihoatod 


ooluimiH bo 4a and 


and this equals 


4,. 

'iriion 

4.2 

1), 

h 

IV 

1 


1 

1 idx 


as in the 


[innnous ; 
Ih 






or 

h,-lH 

/'i 


If a stope.oek had been inserted in the 
hori'/iOtiial eonneetin^^ pi<Ma\ ami at nniform 
temperature the stopeoek were turned olT, 
tile lieight on the ri^ht woidd nnnain unvaried 
while the h(‘ight on the left would inerease by 
an amount defiendin^.^ iqiou the expansion 
of both lihe liijuid and the vessel, .’(n fat^t, the 
volume oe.eupied would be ehanfijed aeeording 
to the e((uation V V,>(1 ”ka(^a ■' ; the 
eross-seetioual area aeeordin^.? to the equation 
A A^)(l - ql) ; and therefore the height 

{suppoH(‘d to be read on an indeiiendont true 
soak*) aeeording to 

4, 1 \ a{l,y'i,) 

h, V\^ly(k4,y 

d’luH is h^ss than in the a,etual experiments; 
in other words, in the aeiiual ease a little 
liquid ilowH through the 
eonneeting tid)e from tlu^ 
^ eold to the hot side dur- 
ing the attainment of the 
equilibrium state. 

(i.) RegnauW^i I^Jxpm- 
n/ea/S,*). — In Dulong ot 
Peiii/’H original experi- 
ments the lieated and 
nnlieated columns wore 
at some distance apart. 

diflieulty of measur- 
ing the dilTerenoo of level 
is thereby inereasecl. It(^gnault improved 
the method by bringing the eolunms together 
at the top as indicated in the sketch. 


htM 

M 

6'imni 




"■.ro ol)tain aec urate values the temperatures 
of all parts of the liquid columns must bo 
observed. If these temperatures are re- 
])resontod l)y letters of the same type as the 
columns themselves the final equation becomes 

4^ 4.t 

1 ctrpT 1 -f- i H“ 0/7'^ 1 -|- I + 

Rcgnault dotorminod the value of by means 
of the formula by the method of successive 
apiiroximations ; that ia, by first assuming 
a to bo constant, and liiially inserting in oacli 
term the a])i)r()ximato value 
found for the respective 
toinperaturo range. 

Rogiuiult also devised 
another modification, the 
general nature of wliicli 
is shown in Rig. 0. The 
pressure is eipialisod at the 
up])or level by a comiooting 
tube AB ; at the lower end 
the connection is by an in- 
verted U"tubo, the np])or 
part of which is coiincctod 
to a reservoir and puni]), and contains air at 
high pressure. Hdie |)rcssuro is the same at 
the surface of both the surfaces of mercury in 
the limbs of this U-tuho. We have therefore 
}i 4,_ _ jr _ h, 

1 “1“ Clrj,jC I 'h I "h Ct i 1 H" 

Rcgnault reprosontod his results for mercury 
by the empirical formula 

a^rMHmmor> -h 12-52 x i0“« t, . 

whore a,j, is the mean coefficient between 
O'* and 0. The mean cocffiiuont between 
0” and 100“ is accordingly 0-00018ir)7. 

These values whicli Begnault deduced from 
his experiments have boon subjected to oon- 
Hi<liuuhlo criticism. Rocknagel ^ showed that a 
parabolic formula was necessary adequately to 
ropresemt the oxperiment-al results. Bosscha ^ 
assumed that if a', the ctxdfic-icnt at a tempera- 
ture tj is defined as !/?>. dv/dt, then its value 
is constant. Hence by integration v — 
and ho deduced the vaiuo a' =0001 8077. 

Wiillner, Jjovy, and Broch also fitted three- 
constant formulae to the observations. Brooh’s 
formula is 

V 1 l-aM -i-oR), 

where a. = 0-000l 81702, 

4“-()-000000()0017r), 
c .()-00000000()0:b5Ufi, 

wliich gives, for the mean coolTicient hotwocn 
0” and 100" (!., the value 

0-000182IG. 

Thiesflon, ?)(dioel, and Sell, from the ox- 

' KccleiaRcl, Pogg. Ann., 18(1-1, (ixxiii. 1 15. 

“ ‘BoHsrtia, Pogg. Ann,, ,1871, KrKUnzuiiflHband v. 
270. 
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])anHi()n of mercury in voshoIh, found 

the value 

0-00018245. 

More recently OhappniH by the woi.ij;lit- 
thermometer method linds for the ran/ic from 
-20” to 0” the equation 

-h 1-815405 X 1-051 :^0 x U)-H^ 

-h 1-00917 X - 2-03802 x 

and from the range 0" to 100“ Ct the o(iuation 

vt:=v^{l + 1-81G904 X 10-''^ - 2-051200 xlO^H- 
+ 1-14502 xl0“i¥‘). 

This last gives as a moan cotitliciont between 
0° and 100° 0. the value 

0-000182541. 

(ii.) Calkndays values 

show differences which are considerable when 
the importance of this coefficient is borne in 
mind. 

Rognault’s results “though as perfect as the 
methods and apparatus available in his time 
would permit, and obtained with all the care 
he used to secure accuracy, loft a much 
greater margin of uncertainty than is admiss- 
ible at the present time in many cases to which 
they have been applied. The order of un- 
certainty may bo illustrated by comparing the 
value of the fundamental coefficient of ex- 
pansion given by Kegnault himself with the 
values since deduced from his observations 
by Wiillner and Broch. The discrepancy 
amounts to 1 in 180, . . • and would bo 
equivalent to an uncertainty of about 4 
per cent in the expansion of a glass bulb 
determined with mercury by the weight- 
thermometer method. The uncertainty of 
the mean coefficient is naturally greater at 
higher temperatures. If in xdaco of the mean 
coefficient we take the actual coefficient at 
any tomporature the variou.s reductions of 
Regnault’s work are still tuoro discordant, 
and the rate of variation of the (^oofficiont 
with tomporature, which is nearly as im- 
portant as the value of the mean c()(41i(uont 
itself in certain physical i)robloms, becomes 
so uncertain that the discrcpaiuios ofl.on 
exceed the value of the correction sought. 
It is only fair to Rcguault to say that theses 
discrepancies arise to some extent from the 
various aHSum[)tiona made in rediuing his 
results, and arc not altiogotlior inhoront in 
the obsoi’vations themselves. With regard 
to th<^ weight-thermomotcu- method, although 
the accuracy of vv(ugliing permits an accuracy 
in the linal result of 1 in 20, ()()() of the weight 
of morc.ury expellcHl correH])on<ling to the 
fiindamcuital inbu-val, yet it loaves tlu^ absolute 
value of th(^ fiiiidartumtal interval unc.ertain, 
because it is rather gratuitous to asHurne that 
the expaiision of the containing bulb is the 


same in all (lireetlons, how(n-('r en,refnlly it 
may hav<^ been anneah^d. (bap[)uiH’ n'sidts 
witii the weight tluM-mom(4(>r mvuiy agnv^ 
with WiillruM-’s reduetioti of R(\gnn.nlPH by 
tlie hyilrostatic m('itho<l, but (bey can I»<^ 
brought into litu') with Hroeh by assuming 
that the expansion of tlu^ bnlb a-lojig a. dia- 
meter was about 2 i)er e(m(. h'ss than in tlu^ 
direction of its length.” Tlasse (a)nHid(a*atiotis 
led dallemlar a.nd Moss to n^p(Mv(> UegimuU.'H 
investigation on a larg(a* .seab^ with nuuh'rn 
appliances, the whole exp(wimenl> luang ho 
designed as to give, if possible, the snam^ ordca* 
of aeeunKW if' l'h(^ absolub^ (expansion (bat is 
obtainable in tlu^ relative expansion by tlu^ 
woight-thermomet(M- n\(tbo<l. 

Instead of single pair of hot and cold 
columns, each 1-5 nuda’CH long, (unployiul by 
Regaault, six pairs of hot and (‘old columns, 
each nearly 2 metre^s long, w(a‘e (’aaiiu^ela'id 
in series, giving 
nearly eight iinu^s 
tho expansion 

obtainabh^ with / y 

'Regnault’s api)ar- 
atUH. ^ 

Tho hot and 

cold columns are c HCHCHCHCHOH 

labollod 11 and 0 

rosi)0(5tivoly. Tho 

difforotico of 

height z-iiy will (;*(/ (/// kl 

bo six times the Ii'kj. lo, 

diftereneo due to 

a single pair. In th(^ actual ap[)aratuH tlu^ 
croHH-tubo oj was doubled ba(ik so as to be 
behind be; similarly for tlu^ others. All tho 
hot columns were placed together in one 
limb of a rectangle of iron tube, 5 cm, in bon^ 
filled with (dreulating oil and lagged with 
asbestos. All tho cold columns worti placed 
in (mo limb of a similar n^tanglo. The- 
second limbs of tlie nMtaugh^s wetx^ utilised 
for tho oleetrie lu^iding coils and tlu^ i(u^- 
eooling l)ath r(wpoetiv(dy. (bntrirugaJ einm- 

^ Similar Incn'astal (‘xp.’tJiHioe could el)tidM<'(l 
i)y (isinijc a sliadci pair of fp-iait Icnidk. ISit. la (Ids 
ea.si^ tli(' av(*nuc' laa'SKiin^ of (du' nua'Ctiry wtadd Ix^ 
very dillVrcid*, and Hlac(' (die coidllchadi may )»i' 
expee(i(xl to vary wilili (die iii’iwun' aa iiddUlonal 
Houree of varladon would (diendiy he lidrodueial. 
I'lviMi lu the netual ('xpia-lmeidi as earrled oii(. l»y 
Oallendar tla^ miMin pressure was aland. alino- 
snliercs. .\(‘eordln|,’! to Hridgmaii (he eluniMie of 
(die eom[ir('HHll)lIlty of mercury iier dewns' Is ahoiit 
7x l()““(l/atmos." (!.) lad.weim 0" and (h \V(^ uuiy 
dodu(‘e from (dils (dial, (la* eliaiigi' of « per ni. mo- 
sphere sliouhl lie aJioul. 7 also, for hj, atmo- 
Hpluuvs (»xc(w (dlls mak(‘H ahmd. 1 ' U)"” ; (hal. Is, 
only (dm IlftU HlgiiUleaid. Ilgiire should la' allVeled. 
Hu(. wKdi (.(ui limes (dlls [in'SHUre llu' fourih would 
begin (.0 h(' alhati'd. Valiu's of ( he eoellleliml. are 
usually given (o a(i l(‘aH(i live HlgnUlenul. IhCiU'S. 
When th(' di'(.('rmlua(lou of (he eoellleh'id. eomes 
to he perIVcti'd so as (.o justify a refciddou of 
the (U'th llgunn It will lie neei'Hsary (o spi'eil’y 
th(^ pn'ssiire of llu^ nu'reury (,o which (du^ valm^s 
refer. The theory of the lulhuuiee of prt'ssure Is 
given in § (12>. 
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laiorH coTiUnnoviHly drivon by an (dootric motor 
\v(u*o i)r(>vi(i(Ml for Tnaintainiiif^ tho oil in 
rapid (urcudaiiou tlirongh tho r(u*,tanigloa, so 
tbn,t tlu^ t(Mnp(M’attiroH of ilio hot and cold 
(u)lnmnH wore oaoli nearly uniform. Tho 
iiKMui t(MnporaturoH of thoso columiiH wore 
obH('rvo(I by nioann of a of platinum 

tlun’inoriKhxu’S contained in tubes similar in 
Hi'/<^ i»o the tuboH containing tho mercury 
colmnuH. TJio hnigtliH of tho loops of platinum 
wir(^ forming tlio “ bulbs ” of the thennomotor 
W(^ro nuuh^ as nearly as possible equal to the 
hsigths of th(^ columns, and wore fixed at 
the sauH^ hwid in tho tubes, so as to give the 
tru(^ iniMin teiupm*ature, in ease there any 
appnauabh^ variation throughout its length. 
Mt^asunumadis wi^ro made xip to Jl()0“ (5., and 
tho total assiunblago of tlio results obtained 
IKiUhI to a paraboli<5 formula 


(both cylindrical), a value at 100° with a 
ai)horioai bulb, and values at 100° and 184° C. 
taken x>i’<^vioualy. Tho percentage accuracy 
is not so great at tho lower temperatures 
as at the lughor, owing to the smallness 
of tho overflow, hut above 50° they are 
regarded as being accurate to 1 part in 
18,000. Tho close correspondence which 
ho obtained when ho employed both a 
cylindrical bulb and a spherical one scorned 
to justify tho conclusion that tho silica was 
isotropic. 

If those values bo combined with the 
values for silica obtained by Callendar on a 
rod of silica x^rocurod from tho same firm, 
which are given by tho formula 


o\.= {78-0- 


80.50 > 
( + 175 I 


X 10 -«, 




r 180555:! 


25;il) 


(!»)■] 


X 10- ^0, 

to wbi(di eorri^sponds as value of tho fiinda- 
UKMd.a! coih'Iieii'iut 

O-OOOl <8205:1(1, 

which th(\v consid(M'<ul to b(^ accurate lo about 
I part in 10,000. I’he value 
is, ho\V(^V(U’, 1 |)ar(. in IHOO 
less than Broeb’s value based 
on Biognault’s experiments, 
and 5 parts in 1800 less than 
('bappuis' value deduced from 
wiMght-thenuometer measurc- 
m<>ntH. 

Ibis disiuirdanec led P. tf. 

Harlow (imdiu' (blhmdar's 
guidance) to make a series 
of weight - tluM’mometer de- 
(erminatioiis, using a silica 
wiMgbt thermometer. These 
appiMU’ tio have been made 
witb gri'at can’s, and tihe values they give for 
coihrubuiti of apparent expa.nmou in nilim 
inny Ik^ tijiki^n as amongst tho best moasnre- 
iiKu’itH madi^ Sinec^ tb(' discussion that has 
takc'iii placi’i tui’us on the deduc.tion of the 
coidlieient of absolute expansion from these it 
is important tiO giv(^ the results obtained. 


for tho moan linear coollioiont, the coefficient 
of absolute ox))ansion of mercury takes the 
values given under the head Harlow (Cal- 
lendar) in th(^ table below. If, on the other 
hand, the values for silica deduced by Kaye 
from Randall and (Uiappuis, etc., bo employed, 
those given under tho heading Harlow (Kayo) 
ar(" caleulatod. 


'riunperntnro 

1. 

Ohappuls. 

(..^alUnKlar 

3. 

Harlow, 

1013. 

4. 

Sears* 


Hjid 

Mokh. 

(Ballondar.) 

(Kaye.) 

Quartic. 

0°-30M'. 

18,171 

18,005 

18,1()B 

18,187 

(18,174) 

50 

38,183 

18,124 

18,188 

18,201 

18,194 

75 

18,211 

18,10.3 

I8,2i:i 

18,223 

18,221 

1(K) 

18,254 

18,205 

18,244 

18,251 

(18,251) 

140 


18,280 

18,305 

18,305 

18,300 

184 

, . 

18,371 

18,387 

18,380 

18,379 

200 


18,400 

18,410 

18,410 

(18,410) 

250 


18,525 

18,537 

18,523 

18,522 

o°-:K)(r 


18,057 

18,078 

18,(500 

(18,003) 









'ronipovit" 

(looinolcnt 



of Apparoiili 

of Apparoiifc 


UiuiK''. 

X lOM. 

l.lU'O 

KxiMiUHlon 

XIOH. 


0“ 30“ 

IHOOO 

184 

18220 


50 

180(58 

200 

18248 


75 

18081 

250 

18,35(5 


100 

18102 

,100 

18489 


MO 

18150 


■ — ■ - 



Finally, in column 4, are values calculated 
by Soars from a (luartic formula made to fit 
oxaiitly the four values onclosod in brackets. 
Tlio values up to 100° 0. wore ealeulated by 
taking a tnean of tho Harlow-Callendar and 
tho Harlow-Kaye values and then a moan of 
this and Chappuis’ value. Above 100° C. 
tins mean of the three quoted values was taken. 
It is xirobable that column 4 roi)rosonts the 
best that is known at present concerning tho 
absoluto expansion of moroury. The formula 
from which the intormodiahi values in column 
4 have been calculated is 

Vo ■ 

/181‘4r)(k |.0-()00205<2 I 0-OOOOOr)G08^®\ 

[ +0'OOOOOOOG7,320£V ' 


Tbt^se data are the mean of vabu^s obtained 
witli a large bulb thermometer, a small one 


1110 reason of tho very considerable dilh’renccs 
1 between the values of (fallondar and Moss at low 

3 L 


vor.. r 




882 


THERMAL EXPANSION 


tcmporatAU'cs and tlio conHciiHUH oC tliow'' obiaiiu'id 
by oUiorH has not yet been cloared up. ’’I'ho faet 
tliat bard glasH and silica bnUw give concordant 
roHiiltH is against the aHHiimptK)n of the bulbs being 
nou-isotropic ; ho also is the fact tliat very fair 
agreement ia obtained at higher tornperaturoR. If 
we proceed c.onverHely and calculate tilui (ixpansioti 
of silica from Harlow’s values for tho apparent 
expansion and Clalloudar and Moss’s absolute valiuvs, 
impossible values for it arc obtained \inl(‘ss consider- 
ablo non-iHotropy is called in as an explanation. 

The suggestion has also been made that the weight- 
thermometor method is less aceurato than tlu^ 
hydrostatic metliod on account of the films of air 
which cling obstinately to tlio vessel. Kxpenments, 
hoAvevor, made with weight thermomeiors containing 
blocks of silica presenting a large surface do not 
support tho suggestion. 

(iii.) Bxpansiori of Water . — Water is 
anomalous in its behaviour in tho region be- 
tween 0° C. and 4^ 0. Th e f ol lowing are relative 
volume, s of water at various temperatures : ^ 


-]()“ c. 

1-0017 

- 5 ®. 

1 -000(> 

0®. 

1-0000 

S'-'. 

0-9999 

1(1®. 

l-OOOl 

15®. 

1-0007 

20®. 

1-0016 

1-0028 

DO®. 

1-0041 

55®. 

1-0057 

40®. 

1-0070 

45 ®, 

1-009G 

50®. 

1-0118 

5.5®. 

1-0143 

00 ®. 

l-0]()8 

65®. 

1-0195 

’70®. 

1 -0224 

7.’’)®. 

1-0255 ' 

HO®. 

1-0287 


The following values, in tho neigh ho iirliood 
of 4^^ C., are relative to tho values at 4° 0. ; 


0 ® 0. 

2 ®. 

4®. 1 

j fi®. 

H®. 

•99987 

-99997 

1-00000 

■90907 

•90988 


The anomaly is often attributed to tho 
existence oi throe typos of molecule, H 2 O, 
2 H 2 O, 3 H 2 O, tho first (monohyclrol) hoing 
present alone in steam, and the third (tri- 
hyclrol or ice molecules) present by itself in 
ice, and water being a mixture of all throe. 
If each kind has its own Hi)ocific volume (for 
tho first and third, tiioso of sfK^am and ice 
rcapcctiv(dy), mixtures of them e,an be imagined, 
if the addUira law be a,^,vu>icd, wlnhdi wouhl 
have tho actual spoeifie volumes of water at 
various temperatures. Altliough it may he 
true that those various types exist no'eon- 
iidenco (nin bo ])laccd in tho ])ro portions that 
are calculated, boeaii.so there is no justification 
for assuming the additive law to be tru(^- 
The vai’iation, of the SjKHiifK! lu’iat of water 
with tejnporatui’c is also exj>lained along tho 
same linos, but with similar une<ntainty. 

§ (12) lNFian?N(nfl op Piuo.ssniuo.— W o have 
disemsHod tho tlummal (>x])anHjon of solids and 
liquids without cionsuhn’ing it neeewsary to 
cc)ntem])latc^ the |)()HHiblo' influence of pressure. 

^ T. W. Bddginaii, Z. Anorg. (J/mn. Ixxvil. aS‘t-fJ85. 


For itioderaio pressures tliis coiirse is fun’twiinly 
justiliable l)(>, cause of flu^ vtuy small (lorn- 
proHsibility. But, in nudity, all solids and 
lL(|iudH diminish in volume with iuen^ase of 
pressure, and if tlu^ diminution is not the 
same at dilTertwit t(unp<u’ntur<‘s tlu^ ecKdrunont 
of thermal dilataiion must also clia>ng(*. 

(kmsider xjnit vohime of this substaiu'e. Any 
small (diauge in it brouglit about jointly by 
change of tompcu’ature and ebang(^ of piH^ssun^ 
ean,b(^ written 

dV adr -bdp. 


whore a is tho eoeftieient of volume (expansion 
and b (which obviously stands for (r'V/r| 2 ’)).,, 
is tho compressibility. Now, assuiynng that 
tho volume always ndaints to th<^ same vahu^ 
when T and p do so, it follows that dV must be 
a perfect dilTerontial, and iheroforo 



That is, if the oompressibiliiiy in(u*eaK(HH with 
temperature then it follows that the (aadlicnetit. 
of thermal expansion diminishoH witih iiuu’oasi^ 
in j)rosBur(^ 

Tho following values for watei* an<l rtiercniry 
are derived from the invostigations of lb W. 
Bridgman in America. “ The volumes wore 
moasinxal at a series of pressures at difTcwent 
tomporaturos. 

Wat mi 


Pr«H8Ur(» 

Itt 

IcK./i'm.'-*. 

0 ". 

20 ". 

e-:io" 

.Id", 

do". 

80 ". 

0 

- 55 

1 105 

3HH 

530 

000 

fiOO 

■1'12H 

250 

302 

520 

000 

1, ()()() 

215 

»0() 

30H 

500 

5-11) 

2, ()()() 

»U) 

350 

400 

400 

-ISO 

•1,(100 

H50 

375 

300 

434 

445 

555 

375 

300 

420 

422 

5,000 

1132 

805 

300 

400 

404 

7,500 

, . 

458 

300 

802 

30H 

10, 000 



305 

380 

348 

12,000 



300 

378 

338 


Hiar.ATivi? Voi/UMKH oir Muitomiv 


(liridgauiu) 








■*' "" ‘ * 

la 

18 ! 

:«)" (1. 

vid" e. 


d" (1. 

1 Id (!. 

1 ltd" (1. 








0 

04)0457 

0.00038 

0-00810 

1 ■()()()()( I 

1-00181 

1*0(1302 

1,000 

00207 

00280 

00553 

(|■oo02(; 

o-oovoo 

0-00072 

2,000 

087(10 

08027 

00004 

00201 

00'I28 

00503 

3,000 


0858 1 

087-13 

1)8005 

001)07 

00232 

4,000 


08245 

08403 

1 0H501 

087 1 0 

08H77 

5,000 



08077 

08231 

08385 

08540 

0,000 


. , 

07703 

070 !■( 

08005 

08210 

Jr, 000 


, , 


ovooy 

07750 

07001 

8,000 





07401 

07 OOH 

0,00(1 





07182 

0732V 

10.000 

. . 



. . 

00015 

07050 

11,000 




• , 


OOKOO 

12,000 






00507 


* /‘mi, dw. Arad, xlvlll. :tbl (watvr) ; xlvll. 
(nuireury). 
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^riio i.(Mn|KM’al/uro of iiiaximiun doiiHity of 
\vati(M’ (l(Hn'oaH(^H aH pnwHurc incroafioH. 

Por p : lOOO tho iiiaxiaimn 

(l(MVHit-y of walior ih at ai>out (P (I ; for “ 2000 
i(i m l)olow * 20“ (1. 

In a Hunilar way for ilu^ cano of tho strotoli- 
iuju; of a wire or tio-rod for nnit length 
(it \(IT \-bdK 

vvluu'o 1) iH th(^ r(M*,i|)ro<)al of Vouug’n inodulua 
and E in tlu^ Htr(^t(^hing forco ])or unit oroan- 
H(H‘.iiional area, wIkmkk^ dX/dh'' —dbldT, “Tho 
following vahu^H are oalculatod by moans of 
this equation : 



l()« 



dvy 

cm.- / 


Aluminium . 3x 10 

Sl.od . . . . 

on 

( V)p]>('r 

. . 0-3 

khdlmim . . . 

0-05 

(h)ld . 

. . O'O 

Silv('ir . . . . 

!•() 

Iron 

. . 0‘1 

Hoihh . . . . 

0-37 

(Since 

10“ (lyjuw/em. 

^ is approximately 

■ one 


kilogram wt,/ern.^, 1000 kilograitiH wt./ein.- 
inuHt incu'eaHO the linear exi)aiiHi(m of copper 
by '3 X 10 tlmii in, it inunt inenaiHO it from 
•OOOOn to -0000173. 

IV. Expanhion or (Iahiom 
§ (13) 'riiio (Jahkous 1m wm. (i.) (diarkd" 
Ijaw. In th(^ expa.nHion of li((nidH and Holida 
whieh ar(^ only aliglitly eorn])i*eHHible, the 
hdlneiKHi of preaHUix^ haw been treated an of 
quite H(Ha>n<iary imi)ortanee. It in quite 
otluwwiw^ in the case of gaHOH. The volume 
varu^H HO fant wit.h i)r(^HHuro aH well an AvitJi 
ii(mip(n’atnro that uidcHH tho j)rcsHuro varia- 
tion iH (au'(^fuUy Hpeeilied tln^ nwiiltn have no 
Hignidcanee, It in obviounly Him pleat to 
(\onHid(n’ c.aHc^H in whieh tlu^ Icaeps 

conMaid and for whicE, therc^fore, any ehangoH 
of volume may be attributed to the inlluenco 
of (i(u»ip(n*atur(^ alone. In Huch a case it in 
found that it in valid to write 
V ?)(,( I 'I ‘ at), 

wlun’(^ a Ih a))proximately oountant (at leant 
for the rnon^ pcu’inanent gaHen), and in called 
the eocdlieient of ex])anHion at couHtant 
I)r(^HHur(^ Thin U known as the law of (HiarleH 
or (lay-buHHae. The value of a Jh nearly 
the name for all the more permanent ganoH 
«■ a fact whieh has great theoretical irnport- 
ane(^. It mimt l)e poinbvl out that, Hiiuio the 
vohntie ehang(^H with temperature imieh more 
rapidly than for IkpudH and HolidH, it in not 
poHHib'k^ lio employ tho ai)pr()Ximato ex- 
proHHiotm aj)pHeable to them. 

(ii.) Law,-— hi praetiee it h not 

UHtially poHHible to maintain the proHHuro 
eonHl»ant during an invoHtigation, and it in 
lUHM^HHary, thendorcs to take itn elTeet into 
aenount. 

TIuh <^an be done by inventigating how tho 
volume changeH with change in ju’CHHuro when 


the tom])oraturo keeps constant. Tho law 
obeyed in this eano was first of all investigated 
by the hlonourahlo Robert Boyle ^ in l()f>k 
Ikiking a “ goodly tube ” of tho shape 
shown in 11, with its short limb closed 
and its long one oj-jon to tho air, he 
])ourc(l mercury into it so as to fill tho 
lower part and tliorohy enclose amass of 
air wliich kept constant throughout 
the ex])orimont. The pressure of this | 
enelofsed air is tho haromctric pressure : 
pluH that due to a column of iner- p 

(iury of height c(pial to the differ- f I 

eiieo of levels of the mercury in > .1 

tho two limbs. If the short limb I 
iH cylindrical the volume of tho 
oueloHcd air is proportional to tho pia. n. 
length I which it occupies. Thus 
both the pressure and the volume arc moasur- 
ahlo. If more mercury is now ])()urod into 
the open limb the height h will change ; so 
also docH tho volume 1. 

In thin way a serios of corresponding 
values of presHiiro and vohimo are obtained. 
Boyle found that when tho temperature 
remains constant tho product of tho pressure 
and volume for a conMant 'uiaMn of gati is itself 
a constant ; or, in symbols, 

P'P constant (at const, tom]).). 

This is known as 3h)ylo’B Law. 

(iii.) Perfect OaMfi . — Wo can obtain a single 
ex])roHHioii whidi incsludcs both of these laws 
by writing 

constant (I 

for if tho tem])eraturo is constant tho right 
hand is so also, and wo have Boyle’s Law ; 
while if the pressure is constant 

v-z I ^ constant (I + at), 

and this now constant is obviously tho volume 
(at p) when tho temperature is 0° 0. This 
o(]uati<)n shows us that if the volume bo kept 
(constant then the ])rc^sHurc must ho 

p ™ constant (1 H- at), 


and this new constant is clearly tho value of 
p (at tho volume v) wlion tho tomi)eraturo t 
is zero, or 


II once, und(u‘ constant volume, the prossuro 
varies in the same way as tho volume does 
under constant pressure. Tho coefficient a 
may therefore ho regarded as a i)ros8uro 
eoellicient. This is only true if Boyle’s law 
and the law of Oharlos are both ewactly followed. 
In reality tlicy are only api)roximato laws, 
and the prossuro cocniedont is found not to be 
identical with tho volume coonicient. When it 


‘ Boyhu Nora experimental phyftieo -mechanioa de 
vi aeriH elastica. 
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is iutoiulod tt) omphasiHo the didoroiu^o wo 
denoto the proHsurc cooiUciotd by /-i. Tho (‘((na- 
tion can bo writton iu tlio altoiiiativo form 



whoro H iH a conatant, and is oallod tho 
charactoriHtic constant of tho ^as. Tiio valuer 
of 1/a is about 2715. Houcio if wo in oasurt^ 
temporature in contigrado dogroos from a zero 
which ia 273 ouch dogrooa below 0° Cl, and 
roproaont it by tho aymbol T, then 

T=^ + e, 

a 

and tho ©((uation bocomos 

2)v ~ RT. 

The temperature so measured ia known aa 
absolute temperature. The utility of thia 
change ia duo to tho fact that a, and thortdorx^ 
1/a, is practically tho aamo for all tho more 
])ermanont gaaos. Tho value of K is dilfonmt 
for different gases ; its value is ^)?)/T. If we 
take V as referring to unit mass so that it is tho 
specific volume or tho reciprocal of the density 
at 0° C.,it is clear that at a given toinporaturo 
and pressure R for dilforont gases is inversely 
as tho density ; its value ean bo calculated 
when tho density of tho gas under any pressure 
and temperature is known. Tho state usually 
taken as a standard ia 0” 0. and 1 atmosphere 
pressure. Tho value of R for hydrogen ex- 
pressed in various units is given below. 


fro h(diW(Hui two opposit^^ walls with a, 
velocity u has its vt'loeity r<‘V(TH(‘d ad ('aoh 
impacd, f.c. its monu'utuin is chatigtal l>y ilu^ 
amount 2nii(. d'lu^ tinic> takiui for it to tr’nv('l 
from a fa<x' and haiok aguin is 2///, and tluuH'lbn^ 
tlu'i ntindxu’ of impactis in unil. iiau' is a/2, 
Tho total chang(' of its monanitmn at. tfu^ 
fa(U'> in unit time is tlu'ndon^ u/a'-. If all 
tlu^ molcKuih'iS in tla^ unit culx^ (a p<u’ unit 
volunu’i) W(‘ro moving similarly in paralh'l 
lim^H tho changes p(U’ unit t.inu‘ would Ix' aa/a'l 
and siiHK^ the fae(^ has unit anai. this would 
o(pial the [unsHun^ p upon iti. In rmilily 
tho moI('icu!(w a.r(^ moving in all dins’tions ; 
hut tlmir vidocity V ean bo ri'Solvaxl int.o 
three mutually perpendicular eompommts, 
u, V, 'HU wlierc^ 

V** a.« I I w\ 

N“o\v, at tlu^ surface which vv(^ hav(^ (x>uHi(l(U'(‘(l 
it is only tlie normal eompotuMit of velocity 
(say n) which is reviu'scxl at an impa(h., and 
the time hetwenm two impacts is (hdxu'mimal 
by the satno component. So that, taking thnn^ 
faces at right auglos to (^acdi oth(u% 

ji>u , py ‘nnw\ pa 

where wo only iuhhI to considcu’ av(u'ag(^ value's 
hoeause it is only an averages prc'SHure Iliad 
ean ho obscwvtHl experiuumtally, 

.But from hydrosta-lics we know tiuit for 
a very small (uila^ the j)i’('ssur<^ is (he s.um^ 
on (vieli of i(.H surfaxH'H. Ilt'iuu^ 


ClIAHACTEIUSTIO CONSTANTS OF IIyDUOUKN 


Gau, 

DciiHay (U 

1 Almo. 
and 0" 0. 

Hydrogen . 

(U’lUH. 

om.!'. 

•00009 


DyiiO'iim. 
gr. Tleg. 0. 

41-57x10'* 


AtmoH. 

Atutum. ft.!'. 

A lnH""! itik 

Kf. (l(^g. C. 

ib. dcK. (1 

i’b. (fog. K, 

41-035 

•0574 

•3052 


ir a’'* 
whence (xmh 


of tJu'H(^ 


For other gases it is iavcrsoly proportional 
to tho relative density, i,e. to tho molecular 
weight compared with that of hydrogen. If 
is tho volume of gas containing one gram- 
moleculo/ then ,, ,,, 

;^)a,rt--Ror, 

whoro R„ is a imivorsal gas constanif, 
83-14 X i(F ergs jier gram-mohamlo piu’ (h^grix^ 
0., or about l-08i) caloru^H pen* gram-molecul<'! 
per degree (1, if thermal units be (mij>ioy(xI. 

§ (14) KiNJfiTKJ Tuuorv. — TIk^ho laws are 
readily accounted for by the kinetic (lu'iory 
of matter, if a gas consists of a, large as- 
Homhlago of massivi^ points moving at ra.ndotn 
in all tlir(HdiouH, and impinging upon 1110 walls 
of tho v('SH('l from wluc-h th(\y ndxamd elastitt- 
ally, tlu\y must exert a (ux^ssurt^ upon tlu^ 
walls. Let tlie V(\sh (4 he a eidx'i of unit sidci, 
A single molocuh^ of mass m moving to and 

' TIui i^M'n,m-iui>l(iciiIc is tlx^ ((uanlity of thi^ gas wlilcOi 
luiH a masH (Miiial ()i) (ilic moh^nilar wcIgUli exprcuscd 
in grams. 


p lHniV\ 

1’he density 1) of tlui gas 
(Lc. the mass unit 

volume) is nm. ihuuui 


?> 

I) 


pv jlV'd 


coiiMfunt 
( iiarlcidfs 
ahMolufi^ 


'‘Lo yield Boyko’s law V" nnisl. Ix' 
at constant (empt'radun'. 'to yield 
law i(. must Ix^ propoidioimJ (o (in 
tempi 'radons. 

§ (15) lOxanuiM I'lNTAii nation ok 

TIIM (!()I']KKI(!||'3NT OK InOUKASM OK IhtMM.SUUK 
AT Constant VomiMn kou, a Cam. 'I'o 
(hdiu’iniue /d the (ux'SHun' ('(X'lVtcii'iil. of a 
gas, i(. is ('Hsixitiai that (In^ volunn^ Ix' k(^p(, 
practieaily cons(.an(. during llu' invi'sligaCom 
A simple apparatus din^ to 3, floly will 
illustrate th(^ uu'tluxl. A hulh ahoul. *10 (uu. 
diameter is (umiu'clxHl to a sb'm Ix'ut (avice 
at right mights. This, in turn, is mmmnhx'd 
with a long st.nughl. glass tulx^ hy mi'ans 
of a llexii)le (ulx'. Thc^ hulh contains 
dry air (or o(Iu'r gas) \vhi<’h is ('nt'Iosi'd hy 
nuMins of nnu'cury. 5’h(^ nnu'cnry can 
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hroujLiild^ up to ii fiducial mark A on tho 
liori/ontal limb by raiHin^' tJus Ht.rai^ht iula'i ; 
Uu' air will lluni have a, doliiuto volumo. I'lio 
pr('HHur(^ ill ihc! bulb ia ^iviai by the baro- 
imdii'ic lu'i^dit k the dinVrciUH' of Icvcla of iho 
mercury h ; Lv.. p B I A 'riio bulb iw lieatod 
ill a waUu* bath, and a.t HiuaienHivo 
iempm’aturoH t.lu^ original volumo 
in reHt-oriHl, and ilie fri^ali jiroHHuro 
determined. Putting^) 1 (- 
any i/vvo temperatureH with tho 
corroHponding jiroHHurctJ onablo /:? 
to bo oahmlateil. In reality tho 
volume changOH nlightly 
owing to tho expansion 
of tho ghiHH (volumo co- 
eHieicnt' 7 ), and tho 
true (joellicient in given 

I'y 

^)(l (■ 7 <) ■})„(! 

'!> /'o(l I (f*-7)<) 

Idu 1 ‘* mvirly for moderate temperatuim 
VVlum tiho tmnpiu’ature range in 
griud. ill may be lUHa^HHary to uho the more 
>010(1 formula. {Mu' laat but one). When pre- 
ciHo va.hu'H a.ri' Hought for, atili'ut.ion uiuhI bo 
givi'U (.0 Hevcira.l HoureoH of ('rror. M'lie Htem 
bc'tweim A and tlu' bulb, Ix'ing outaide the wati'.r 
bath, doi'H not gid healed to Mu' name extent 
UiH the bulb. To eorriuit for thia it in lU'eoHHary 
Ix'fori'hand to (hdeuanine tlu' relative valium of 
the volumo v of thin ])ortion corujiarod with 
that of the bidb V, ami in the eourao of the 
experimi'ut to olmorveitH mean tenifieraturo r. 
^riu' true pri'BHurc' reciuireH the heightH of the 
nu'roury oolumim and of the barometer to be 
eorrecied for teinjierature.” Two iompora- 
turoH and prcHHuri^H then give tho equations 

'S’ 

.’.Cl' 

from wliieh {‘i mvn be calculated. 

The following valui^H W('re obtained by 
Itegimult for air at variouH proHHureH : 

IhUilHHUaW ('OIUI’KKIIIONT (/:() JCOllAlU 


.‘{(inirt 

,10542 

10587 

10572 

10050 

10700 

10800 

10804 

17001 


lU 0" < >. 

Pr(»MHiii’t» all 100 “ 0. 

tiiiii. 


IO0'72 

I41)*1l 

174 OlO 

217* 17 

20(00(1 

.105 *07 

174*07 

510*15 

175 -21 

510.07 

70()‘0() 


1078*40 

2280.01) 

1(11)2*51 

2100-21 

2144*18 

21)2.|-()*l’ 

1055*50 

401)2.01) 


j^P 


O 


§ (10) DiOTISRMI NATION OF THE OOEFFTCIENT 

OE Expansion at Constant Phessuhe. — Tho 
metlioclB of tho determination of this oooilicient 
can bo illustrated in various ways. Tho 
apjianituB eonsists essentially of a volume 
thermometer, but with special jirovision for 
keeping tho pressure constant. Eognault 
om ployed tho ap])aratus shown in iHg, 13. 
Tho bulb was well dried and filled with dry 
air (or other gas) at the pressure of 
tho atmosphoro. Tho adjustment 
of pressure was 
made by alter- 
ing tho amount 
of mercury until 
it came uji to 
tho level a in both limbs, while a 
side tube p was open to tho atmo- 
sphere, the bulb being meanwhile in 
molting ice. This lateral tube was 
then sealed off. Lot be the 
volumo of the bulb at 0° C., v tho 
volumo of tho atom as far as a at 
0 '’, and I I tho initial pressure. The 
bulb is thou iilacod in a steam jacket 
and raised to 100 ” C. Puo to the 
rise Mio pi'essuro changes, but it can 
bo once more brought back to atmospheric 
(or near it) by running mercury out through 
the stop-cock, iuct it roach tlio level b. If 
tlio h'vol is rather higher on tho loft the diffor- 
onc(^ is moasurod aiul tho prossuro calculated ; 
hd it bo 11 '. If tho stem has boon previously 
(calibrated tho extra volumo w' of tho stem 
botwocm a and b can bo found. If tho tem- 
perature of tliis part is i, wo have 

U'(ld701 

1 + at J 


FlU, 11 . 


Vo + 


vil-hyryi 

1 far J 


rVo(H- 7 lOO) i.(H- 7 tO , 

1 -kcilOO H-ar' 

wIkwo r and r' are the initial and final 
volumoB of the portion v of tho stem, and 7 
tho (’.(Kvlbciont of volumo expansion of glass. 
Krom this (upiation a is oalculaic'd ; first, tho 
small terms (iontaining v and u' are noglcctod, 
and then tho approxiniafo value is inserted in 
tlio small terms, which are now taken into 
aceoimt, and a more aiuuirate value caleulated. 

The valiu'H obtained hy Rcgnault arc giv(ui 
Ix'lovv ; tlu'y apply to the ease when tho 
juvHsuro is one atmosphoro : 

Air 0-0()1()70(’) 

Hydrogen -OOIOOII 

Carbon (lio.\ide .... •0017000 

Nulpliur di()xid(' .... -OOIOOIB 

Carbon mono.xi(lc. * . • •0010588 

Nitrous oxide .... -OIXHIOI 

Cyanogen •0018707 

For the more permanent gases nearly tho 
same value is obtained for [i, and it is also 
mutrly tho same as a. Tho simple theory of 
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gaHos roquiros (as wo have hocu) a ooiiHtanl, 
icloutical in value iu the two easoH. 

Another method wuh uHod by Roguaalt. 
A bulb, capable of holding 800 to 1000 gratns 
of moroury, waa taken empty and conneotcHl 
through drying tuboa with a pump. While 
the bulb itaolf was immeraod in a atoam bath 
it was evacuated and rolilled with dry air 
several times. Finally it contains dry air at 
atmLOBi)heric pressure (B) and tomporaturo 
The tip of the stem is now sealed by being 
melted in a blowpipe llamo. It is taken out 
of the bath and allowed to cool, it is then 
placed inverted with its tip dipping in a vessel 
of mercury, the bulb itself being surroundt>id 
witli melting ice. In this ])osition the tij) is 
broken od with xuncors and tiro mercury rises 
and partly fills the bulb. After standing thus 
for sufficient time to ensure oquilibrium of 
temperature the height of mercury inside 
above that outside (h) is road. A small metal 
cap containing soft wax is slid over the tip 
so as to close it, and the bulb with its contents 
is taken and weighed (wq). It is then com- 
pletely filled with mercury and weighed again 
(w; 2 ). Let the weight empty bo Then 
the volume occupied at 0° C. by air that fills 
the bulb at is 

volume at 100®. Allowing for the small 
difference of pressure, wo have 

\ l-j-aio / 

If h is only small the value of a should be 
nearly the same as for constant pressure. 

Regnault found that when tlio moroury 
rushed in on opening the Up it was apt to 
carry air in with it. Ho attrilmtod this to the 
fact that mercury does not wot glass and a 
film of air enclosed botwoon the mercury and 
the glass is carried in along the stream. In 
order to avoid this ho surrounded the stem 
with small brass collar's winch amalgamated 
and nuido perfect contact with the morcniry. 

Full details as to modem work conuoeded 
mth the ox])ansion of gaH<^s will bo found in 
the article “ Tomjroi’aturo, , Realisation of ihe 
Absolute Scale of.” 

Fluids undlh lluni, FiimsuHws 

§ (17) Expliumdntal Rmhiuiuiukh. ‘■"' 

Although Ihuds follow apjrroximately tlu^ 
“ porfo(it ” law under low pn^sHures, uiuh^r 
high proHsuroH this is markedly not the ease ; 
neitlun' Boyle’s nor Oharles’s law is th(Mi (weii 
roughly f()ll()W('i(l. As a particular c.ase may 
be cited Uio distinetion betwcHMi a Ucpiid and 
its gas(H}us vairour. They exist in ocjuilibrium 
together under the sa,me temperature and 
jrroHHuro ; but the donsiU(^s of th(H two pn,r‘t.H 
(or p/taM,H) are v<M‘y dilleixmC. Nothing of 
tin's kind is IndiruitcHl by the perletd. gas 1 
law, I 


(i.) NaUvrrr and (UtUlvivi. first inv<'Hti- 

gations for high (rn^ssurr's \v<‘r(^ made by 
Natim'or,^ who forcuul Hu<uu'HHiv(^ (inantiih'S of 
hydrogen, oxygen, or nitrog(m into a eJosed 
vessel and nuMtsurod tlu^ jn'c'Hsurc's by mtnuis 
of a weighted valve. IBs objk'ot was to pi'odiuH^ 
lupiofaeiion by irressuiv^ al«nu>, as h’araday 
liad li<|uelie(l ehlorino and d’hilorie'r carbon 
dioxhle, but he did not succkhkI, altbougli tho 
jrrossuro was imu't'iased iu the (‘ase of niti'og(m 
to 2790 atmospheres. He found from lOOa.tmo- 
sphores upwai'ds tlu^ volume b(Hiam(H grrMiUw 
than given by Boyle’s law ; that is. that at 
constant temperatu re pa ine.reastsl. ( 'allh''t(d. 
ill 1870 showed that in Uio ease of bydr<»gmi 
pv regularly ine-reases (for unit mass), while 
for air there is first a dcKU'ease, tlnm an 
merease, with a minimum at about HO atmo- 
sj)heres. 

(ii.) Andrm^s.— hi 1800 Andrews observed 
that on lupiefying carbon dioxhU' by pn^ssuro 
and gradually raising the temiJcraturt^ to 
88° F. (01® Cl) the surface of (hanareatiou 
bc^twoen the liquid and gas booanu^ fainli(u‘, 
lost its curvature, and at last disapix'ared. 
Tho space was then occupied by a liotno- 
goixeous fluid, which became cloudy when 
tho prossuro was suddenly diminished or 
the tomi)oraturo 
slightly loworinl. 

Above 88® JA ho 
could got no 100 
liquefaction. 

Kitrous oxide 
gave analogous oo 
r e H u 1 1 H. 11 0 oQ 
then proceeded 
to oxtend his in- 
vestigations so 7B 
as to diitermino 
a sot of corro- 
sjKmding values 
of T, which oo 
ho ]>lotted as 
isothermals on 
a py ‘0 diagram, so 
gas was 
(;ontaiued iu a 
thie k-wallml 
tub(^ the uppin’ (•hird of which Im-d <1 <'apillnrv 
l)or(s and wuis k(^pf- (melownl by mercury iilliug 
the lowin' part, and phunnl in a walin* ri'SiM’voir. 
A similar tulx^ e.ontaining air was iu com- 
munieation with it, IbH'SHuri' was nppliiMl by 
nieauH of a plimgiu’ through the watt'r and its 
value read by the <bnng<^ of voluuu^ of tlu^ 
air, wliich wa.s supposinl to follow Boyko’s law. 
'Pile <l()a tulx^ had bemi eandully eulibraUnl 
beforehaml, and from the uppin* hwi'l of ihe 

‘ tSitxHiiuHh. <1, Wifui, i\kUf{, V. vl. vil., and /vw* 
Ann., IH.I'I, kU. Hit) ; istf), \elv. gilt. 

* Pnndnn, iH70, IxN. Illil. 

* iVlIlka’H (dHunwnl lird edit, i). iltlH ; Phil, 

Tm}fn„ iHOt), Part 11, 
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ttu^rcury vohuiK^ of (ju^ giiH vv;ih (l(^t^o^- 
miiiod. 'riui vahu'H oblaiiunl an*! HUi'iiclu^l in 
Fiij, M. A Hinall (luaniiliy of air waw inixod 
wiMi luH (U)o, HO ihuit tlio roHullH r(M'|uiro Homo 
mo<li(i(iat.ion on tliin aooouut. But ilioy con- 
HtiiuU^ tlu^ lii'Ht (loicu’miiiatiouH of tho ooiuUiioiiH 
uudor whioli (H).^ oaii bo luim'dod by j^roHSuro 
alouo and of iho doviatioiiH from tho gas 
lawH. Whil(' at ‘18" (!. it bohUiVOH Homowliat an 
a.u idoal ga,H, yot at 1^5" (1. the iHothormal 
alrcMuly aHflunu^H a dilTtn'oiit charaotor ; at 
lU" V. it b(HM)nu'H horizouiial at ouo point, 
and bolow thin ttMU|)<u*aturo tho Ihiid dividoH 
into two parliH, licluid and vapour. Whilo 
liiinld and va)>our nooxint at a given tompora- 
tuns tbo pn^HHurt^ koopn oonHtant (at tho 
Haturat.ion ’’ pn^HHuro) whatever tho relative 
proportionH of tlu^ Ihluid and vapour. At a 
(uu’taiii volume, '/'.j, tho fluid in all gan, while 
at a oortain Hitudhu' volume, it Ih all liquid. 
Furtlun' cu)mpr(WHion of tho Ihpiid roquiroH 
grt^atly imu'c^aHiiig proHHuro, i.e-. the liquid in 
m^irly incunnpn'HHihh^ A dotted curve (tho 
“ border ” (uirv(^) oaii Ix^ drawn (umnoeting all 
tlu^ poinlfH Tj for tlu^ rupiid, and another 
for (h(' pointH v., for tlu^ gan. ddu^Ho dotted 
eurv(^H nuHdi at about 81" (t, where the iHo- 
tluM’inal IxHionu'H hori/.ontal, ho that th(^ border 
(Uirve Ih dt)nu^-Hhaiped. ddio mimmit iw called 
th(^ (U’Khuil point beeauHo above it the hetero- 
getUMuiH n^gion (uinuot oxint. TIioho are tho 
main featuroH of tho roHultH ohtaitiod. It is 
(uiHtouuii’y to rc^gard an gaH any Htate of tho 
Iluid abov(^ tho erlticuil temperature, ami afl 
li(piid any Htate below tho critical tem})orature, 
whiiih in alno on tho Iohh compreHHible aide. 

iH, how(^v(n', no diH(u)ntinuity, no way 
of dt\U\Hl}\{) Ihv, pamti/o froDi. yas to liquid m 
(hjlnvd^ ex<Hq)i( vvlmn the path of traua- 
formation paHHoa through tho heterogenoouH 
r(»gion, ami tlu^ Ihiid tlum aplitH into two 
pn.rliH whicrh havt^ <lin’eront propertioH and 
tiau therefore be diHtinguiHluxl one from tho 
otlnu*. 

propcM'ih'H are not pcumliar to carbon 
dioxi<l<^ ; they are poHHOHHixl by all fluidn. 
.But iiu^ valnoH of p, r, and at f.ho critical 
point are (UlTenmt for <rdTer(xit fluiclH. 

(iii.) Amayat, \\\ 1878 Amagat began a 
of (dai)oraU^ inveHtigatioUH in the high- 
pn^HHiiro r('gion. llin apparatuH wan iuHtalled 
at th(^ bottom of a Hhaft 827 metroH deep. 
It eompriH(xl a glycerine i)ump whie,h could 
fonu^ nuu’oury up a tube extending up the 
Hhaft atid at tln^ Hame time into att air mano- 
meter made of Hte(d. 'I’ho working tube wan 
of giaHH 1 mm. internal dianu^ter and I cm. 
exlernah It wan Hurrounded by a jacket 
of ghiHH through which wahn* wan circulated, 
and thin in turn wa.H Hurroiuuled by a copper 
jatdnd) (for Haf(dy) vvhic.h had narrow windowH 
extending down oppoHito generatijig lincH. 
88uu‘mom(d.<u*H w(H'e placed every 80 metrcH. 


With, Huch aj)i)aratuH mcaaurcmcntH wore 
made iij) to 480 atmoaphorca on nitrogen. 

In 1898 investigations were extended in 
some cases to 8000 atmospheres. For these 
it was noeessary to enclose tho working tube 
in a metallic one and to produce tho same 
prosauro outside as inside tho glass tube so 
as to prevent the latter from bursting. It 
became necessary to road tho height of tho 
mercury by an indirect method, cither using 
oUxdrio coutae.ts (devised by Tait) or tho 
method of “ regards ” devised by Amagat 
himself. I-Io apjdicd tho method of electric 
contacts to oxygen, hydrogen, nitrogen, and 
air up to 8000 atmosphoros at temperatures of 
0*^, 15°, and 45° 0., and that of “ regards ” to 
oxygon, hydrogen, nitrogen, and air from 1 to 
1000 atmospheres (by stops of 50 atmospheres) 
at tompoiaturoH of 0°, 15°, 100°, and 200° C. 
Carbon dioxide and ethylene were examined, 
at closer intervals, up to 1000 atmospheres 
every 10° from 0° to 100°, then at 137° C. 
and (in tho case of CO^) even 258° C. A 
gnuit number of observations besides were 
tnado on CO.^ in the neighbourhood of tho 
minimum value of pv. The general character 
of tho results is cxlnl)itod in Fig. 15 for 



hydrogen and Fig. 10 for carbon dioxide 
In thoHO diagrams tho value of pv is plotted 
against p. Tho chief point of distinction is that 
tho curve for liydrogon ascends from tho start, 
whereas for 
carbon dioxide 
it first de- 
scends, readies 
a minimum, 



aoop 


and then as- 
couds. Ilydro- 
g(ui came to bo 
known tbonoo 
as a “ ]>lupor- 
fwfc” KUH, OOa li'io. 10. 

being called an 

“ imfxu'foc.t ” gas. A perfect gas would of 
course have given a horizontal straight lino 
at (xich temjKU'ature. At tbo minimum point 
tlio real curves are horizontal, and it will be 
obs(wved that nlUniaidy, as the temperature 
rises, tlui minimum approacOu^s p 0. At 
bigluT temperatures COjj might be expeeted to 
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Ixiluivo liko Ha at ordinary tcmpc^ratnro, m 
that tlioro is no (\sMontial diHiinotion bc'itwcxm 
tho two gaROs. Wo roturn to this ]>oint lattx*. 

Ama^aii’is invostipjatiouH arc all rolatod to 
toiuporaturcR of 0® (1 and 
upwards. 

A table of relative values 
of tho voluniG for varioius 
gases is given on p. 880. 

(iv.) imow;6'/a.— In 1801 
Witkowski ^ published an 
account of an investigation 
on air comprising tempera- 
tures below 0° C]. These experiments wore of 
two kinds : in one tho quantity of gas was 
kept constant (as in Andrews’ and Ainagat’s 
cases) ; in tho other the vohnne was kej)t 
constant (as in Natterer’s investigations). His 
results are given on p. 880. 

From these ho calculates tho pressures at 
which pv is a minimum for air : 


Tomporature. 

Tressure. 

Minimum po 
(approximately). 

+ 100 

< 10 atm. 

1*307 

+ 10 

79 

1-0370 

0 

96 

0'9080 

-36 

116 

0*8004 

-78*5 

123 

0*5619 

- 103*5 

300 

0*3873 

-130 

00 

0*1985 

-136 

67 

0*1561 


In 1904 A. W. Witkowski ^ i)ubUHhocl the 
corresponding results for hydrogen. Tlu^st^ 
wore obtained with tho most Hcru))ulo\iH 
care 

Tho relative values of pv are given on 
p. 889. 

Tho minima of pv occur at the following 


pressures (approximate for 

hydrogen) : 

Toiupitr.ittii’t'. 

I’rcHHiiw Alitt. 

~183°0. 

. 32 

- 190 . . 

. 4.3*6 

- 206 .... 

. 55 

-212 . . . . 

. 54*8 


Tho value at jvbout - 188“ (1. does not corro- 
S[)()nd with what would nujuirod l)y tlu^ 
law of (sorrosponding states (even approxi- 
mately), to whicdi referoiuu^ is imuU^ lat(M‘ in 
this article. Witkowski eonsidcu’s it to bo 
not too risky to coiuilude that ixvfore hydrogen 
roaolu’is its ciiiical tomporature a polyinerisa- 
tion takes place. What takers plae-(^ would be 
ox[)Iaiii(xl if for t(xnp(n‘atur('H ahov(^ • ,100'’ (1, 
the gas behaved as though its erlticial 
pressure wore about doubh^ ilia,t whieJi resuits 
from (^xfHuauKxits on licpiid hydrogen. 

(v.) Kmio.Hiiinh Ownes. • - Kanuniingh 

f hull. (Iv fAmtl, (h‘ do Juno 0 ) 05 . 


OniK'S n.nd (t Braak '* havx'i also made an 
extensive iu V('iHtigaiion on bydi'ogen ai- low 
teniperatun^H. 'riuiy Ihul for the minima of 
pa the following positions and vaitu's: 


A j!m. 

l>('UHliy 

V..I. 

UonMU-y al. 0" aiul l Aim.* 

’'Vnl. h(, ()■' un(i I Al.in. 

32*67 

00 *70 

‘32(103 

50*07 

183*10 

•273‘IH 

54*07 

238*27 

•220*16 

54.-09 

287*00 

■18782 

42*64 

321*61 

1 *10342 


§(18) Tiudoumtioau (loNHinniUTioNH. Th(^ 
departure of the behaviour of nxd lluids from 
tho laws of perfect gaH(^H indicnih^s Ihali otluu* 
properties require to Ix^ Oiktui into aeetumt. 
In tho (irst place, it is iusullieiimli to r(^gard 
the particles of the lhad as merely tnoving 
points— each must have a (certain volum<\ 
In tho second place, it is tuxx^ssary fo a, How 
for tho olToet of attra(h.ive forces ladavaxui 
them. The cxistoneo of sueli forces is nuule 
very obvious in the ease of solids. 'riu^y 
are overcome whenever a solid is t)roktm. 
Work is done against them whem^ver it is 
stretched or twisted. Similarly iu a liquid 
the particles arc ko])t from flying apart (as 
in a gas) by tho presence of siieh forex^s. H’lu^ 
fact that in a gas at moderates pressun's 
are not so eonspicHmus in tluar iUleots is 
explained by the asHumpiion that iilx^ forceps 
diminisli with inenMiscxl (lista.nee b(4iW<MM) l<h(' 
particles, Tlie rat(^ of diminution wi(b 
alteration of tluar separation nmst imtxxl be 
very great : for if afUu' a solid is l)i’ok(U) th(^ 
two parts are phuxxl in close juxtaposition 
with moderate ])reHHure ih(\y do not r(>unite ; 
groat pressun^s ar(i mx'OHsary for tlu'i ttp- 
proximation of the surfaces to stitll- 

ciontly near for reunion to occur. Rtieh 
roxinion takes plae(^ wIkhh powdtu'S are fornuMl 
nik) blocks under pre^ssure, )is in k^ad petmils, 
crayons, et(^ Any attractions assunuMl to be 
])reHent must thcindore Inx-omo pi’aeti<'ally / 
itiseiisihle at ev(m vei’y small disliamu's suy 
.10 (u»i. ; though it ejui he shown (Juit at 

(Hosier apf)roae.h (ili(\y hei'oriu’i veiy large 
iudiHxl, giving riH(s (.o an <dT(M‘tive pi’('ssnr('' 
iuHid(^ a lifjuid of the orihu' of 10,000 atmo< 
S|)li(um mohxuihw an^ prmu'nted from 

approaching into fxu*mn.ne*nli nJ)H(»lul.e eonl-aet 
with (meh ()th(^r hy their tlnuMnal agitation in 
much tho same way a.s pla-mU'S a^n^ kt'pt frort) 
falling into H(he sun hy tluMr moliotm round it. 

In otlier words, a stalci of (JunmiaJ (sjuilihrium 
issettip. 

(i.) Th<\ Vh'ial, Home advance 

can be madt^ I, o ward allowing for tlu'so addi- 
tional eomf>Ii(;ations hy nnsms of a tlusuvun 
du(^ to (llausiuH, ,i\ y, z he (ueordinate 

positions of a singh^ particle. If .!•» he 
“ <Umm„ Phi/H. huh, Uidvn^ No ion, luo 7 . 


f." e. 


-105*27 

-204*70 

-212*82 

- 217*41 
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Hhlativw VohUMWH (A.MA(3.vr) (Vohimo at 0® tt and 1 Atm. V: 1,000,000) 




osyKdit. 



Air. 





Hyclrt)gon. 

Attu. 


‘ - - 



. — 

- 

— . . „ 







U". 

SID" '5. 

U)1)"T) 

()". 


aDD‘''-4, 

D". 

llD"-0. 

UlSf-’-O. 

0'\ 

DD'=‘’3. 

200° -R. 

100 

0205 



1)720 



1)910 






200 

4570 

7000 

1)01)5 

5050 

7200 

1)420 

5195 

7445 

1)522 

5090 

7507 

9420 

200 

2208 

48'12 

(1282 

2058 

5170 

0022 

2780 

5201 

0715 

4020 

5280 

0520 

400 

2(121) 

2820 

41)00 

2020 

4 1,70 

5240 

2142 

4205 

5221 

2207 

4147 

5075 

000 

2212 

2244 

4100 

2080 

2505 

4422 

2780 

2055 

4515 

2712 

2402 

4210 

()0() 

2115 

2807 

2570 

2450 

2180 

2882 

2542 

2258 

2973 

2387 

2000 

3027 

700 

11)71) 

2010 

2202 

2288 

i 2004: 

2502 

2274 

2080 

2589 

2141) 

2080 

2212 

800 

1871) 

2417 

21)21) 

2108 

201)9 

2219 

2240 

2775 

2200 

1972 

2444 

2900 

1)00 

1800 

2208 

2718 

2070 

2544 

2000 

2149 

2010 

2085 

1822 

2244 

2067 

1000 

1725 

2151 

- 

11)1)2 

1 2415 

2828 

2008 



1720 

2092 



Vai.uhh ojt ifoR Air (VViticowhici) 


Pl'CMMUrO 

in 




Tomporal' uroB (Jc-ntigwulo. 




Al-iii. 

1 lOl). 

11(5. 

0. 

.•5r>. 


-103-8. 

”1:50, 

-138. 

- MO. 

- 148. 

1 

1'207 

1-0587 

1 -ODOO 

0-871G 

0-7110 

0-0202 

0-5229 

0-5040 

0-4802 

0-4679 

10 

1 

550 

o-ooni 








15 

085 

521) 

022 






()-4096 

0-2786 

20 

091 

501) 

897 


0-()778 

0-6097 

0-4410 


2808 

447 

25 

098 

488 

HOI) 


OKI) 

559 

182 


476 

015 

20 

704 

408 

842 


591) 

4 1,7 

()-2i)20 

0-2502 

003 

2444* 

25 

712 

441) 

81(1 


510 

270 

(150 

115 

2419 


•10 

725 

422 

792 


422 

125 

221) 

0-2508 

1128 


45 

728 

411) 

772 


225 

0-4980 

0'29(12 

1942 



50 

75-1 

' 408 

754. 

0-8288 

252 

821) 

544 

1(105 



55 

770 

21)1) 

728 

252 

170 

701, 

171 

1552 



00 

784 

290 

722 

219 

089 

507 

012 

1550 



05 

802 

284 

710 

187 

on 

429 

0-1985 

1570 



70 

821 

281 

701 

158 

0-5927 

218 

989 




75 

842 

271) 

(194 

122 

802 

200 

()-2(,)12 




80 

800 I 

271) 

OHH 

105 

79(1 

102 

042 




85 

887 

280 

(184 

081 

724 

014 





1)0 

1)08 

282 

OHI 

058 

(180 

0-2948 





1)5 

1)21) 

28(1 

OHO 

028 

(124 

1)02 





100 

1)51 

290 

081 

022 

(100 

BHl 





105 

1)77 

297 

085 

012 

508 

874 





no 

1-4004 

400 

01)0 

000 

544 

877 





115 

24 

418 

(191) 

004 

520 

892 





120 

05 

422 

710 

000 

520 

914 





125 

, , 

448 

722 

0-8012 

520 

944 





120 

.. 

1 -0407 

0-9728 


0-5528 

981 







* (lorroHpondH to 21) atm. 


Vai<uh)H oit’ pi^ H’OR Uv DitooiON (WiTKOWBKi) (Valuo at 0® 0. and 1 Atm.-^l) 


111 

At, III. 

1 lUU" ('. 

0". 

vr-r” 

■104". 

■ (.17°, 

.. 

■ 183“. 

100°. 

-‘3or>°. 

~ 312° 0. 

1 

1-2(101 

l-OOOO 

0-7180 

()-(llH0 

0-4011 

0-2282 

0-2022 

0-2470 

0-2207 

5 

OHH 

024 

201 

208 

022 

284 

020 

452 

180 

10 

721 

055 

228 

222 

025 

284 

015 

427 

145 

Hi 

755 

08(1 

255 

255 

048 

270 

004 

401 

100 

20 

781) 

118 

282 

271) 

001 

272 

()-2991 

272 

005 

25 

822 

150 

209 

202 

074 

270 

84 

245 

021) 

20 

858 

181 

220 

227 

081) 

270 

77 

221 

0-1997 

25 

892 

212 

2(14 

252 

705 

270 

72 

201 

08 

40 

927 

245 

291 

270 

721 

270 

70 

288 

40 

45 

9(11 

277 

41.8 

402 

721) 

272 

70 

280 

22 

50 

99(1 

201) 

445 

427 

758 

278 

72 

275 

28 

55 

l-l()2() 

241 

472 

452 

779 

280 

77 

272 

20 

00 

1-4004 

1-0272 

0-7501, 

0-(l-47H 

()-48()l 

29(1 

0-2984 

0-2275 

0-1928 
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diHeretitiatod twice with roBpect to the Utno 1, 
wo got) 




{x'^) =2u; 


'dt^ 



Now if m is tho mass, m{d^xldt^) is the com- 
ponent force X in tho direction of x, whence 


^ fdx\^ m 

If similar equations bo written down for tho 
other two co-ordinate directions and all throe 
bo added, 

-i{Xx+Yy + Zz) = ^ ^j^P, 

where v is the resultant velocity and r tho 
distance of the particle from the origin. By 
adding together such equations for all tho 
particles an expression for tho total kinotio 
energy E = i:(im'y2) is obtained. Now in tho 
kind of motion with which wo have to deal it 
is only mean values that have any significance. 
The mean value of tho last term in any period t 
is defined by 

1 (dr\ /dr\ “I 

Now this mean value fluctuates, but, provided 
the velocities are always confined botwoen 
definite limits, it will always vanish if a 
suflS.cient time elapses because t occurs in tho 
denominator. The steady average value of 
the kinetic energy E is therefore given by 

E= — S|(Xa; + Y?/ 

where the barred quantities on tho right- 
hand side indicate average values. 

Let the forces bo purely external forces 
(as in the simple kinetic theory of gases) 
and consist of a uniform pressure p acting 
normally to tho surface. Lest 0 bo tho angle 
between tho direction of p and the axis of a;, dK 
an element of tho surface. Then 

X = -pdA cos 6 -Xx- pxdA (joh 0 

=px clement of volume, 

as shown by dotted limvs (/'% 17), and 

is equal to y>x total 
volume. Bimiiatiyfor 
tho yandcoonipommtH. 

J Lonco 

7\)tal kiriel.ie. (mergy 

: X Vol., 

which is the o(i nation 
obtained from the 
Hunplo theory. 

(ii.) V(m der IVaaW 
JiJqualion. — When forces operative between 
the nioloouloH are to bo Included they can 
bo divided into two groups: (i.) Attractive 
forces acting sensibly over short ranges, and 



(ii.) repulsivt^ forces wlnt'b only act during 
contact. The elpHt of the foruuM’ is to in- 
ereaso the prossurc^ insich^ ov(M’ tlnit at (Jui 
surface. Negh^cting a tluii laycu’ at tlu^ 
Hurfaeo (whose thi<^kiU'SH may b(^ takem as 
equal to the diHtu.nt^e of Hcnsibk^ moliumlar 
attraction), the prossun^ will bo uiiiforin of 
value P-.-p I K, wluu’o K is called tlu^ intnnHi<^ 
pressure. Van dor Waals Hhow(Ml on C(M'tain 
assumptions that K varu^s directly as tlu^ 
S(piaro of tho (huisity (/.c. inv<u’S('ly as tlu^ 
Hqxiaro of the Hpecili(i volume), Ufiid further 
that tho forces diu^ to (Contact <u)uld bo takem 
into account by subtracting ji constant h 
from the Hpe<uiic volume. Hence (inally, if 
K is written a/w’**, where a is a coustanl, the 
equation 

+ It'l’ 

was obtained as the form holding ntuhu* 
wider raug(^s than tlio perfect gas e(|uaiion. 
This is known as van dcr Waals’ equation. 
Since it only profossed to bo a secuind 
apj)r()ximation, it is not siirprising that it 
is insullicient to represent oomphdely tlu^ 
behaviour of a fluid at variotis tett\})eratureH 
and pressures. It is rather a matter of 
surprise that any such simph^ 0 (|uation can 
represent tho general propcu’tu^s of a (luid 
as well as it does. When fairly pr<u'iH(^ 
numerical values are considered it Is, how(W<M\ 
found tiiat it must be used with (umsuh'irabk^ 
caution, in any easo it does not give* the 
constant presHuro msido tli('> heterogeneous 
region, but re})laeeH it by a,n S-Hluipinl eurv<v 
This will b(^ dealt with lat(U’. 

Tho signifleaiu^o of tlu^ e<piatlon eau Ix^st 
bo soon by writing it 

\ P J V V 

Any isothermal (T constant) is iluu’ofore 
given by a (uibie (xpiation in ?% and luaieo for 
a given presHure (bore v\‘ill be possibb’i (utluu* 
ono volume or tbnx^ according to (Ju^ values 
of (ly by T, p. 

Any (uibie e(pm)tion ca.n b(^ wri(i(i(Mi 

(/;-'Ci)(c 'ay)(a cd 0, 

where vq, vjjj, r.j arc* t.lu'i tbrcK^ roots, i bmpaijng 
this with van (hu* Waals’ (Hpuit um, 


1 V»5J !■ a., b 1 

irr 

p ' 


a, 

p' 

ah 



The critical point is r<q>rcHtm(od by (lu^ case 
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in wliidli Mio ilirco roolH (uniloMoo into one ; 
in ililiH (Wise 


;iro 


WVo 

7>o ' 


(i.) 


•),, 2 

® Pa' 

« ah 
Po 


. (ii.) 
. (iii.) 


vriun’o i'hn nritaoal valiioH ai'o dintingniHliod 
by tlio HuOix c. Whenoo frotu (iii.) and (ii.) 

Vo ^lih; 

wlunico (ii.) gives 

a a 

.W ^76*’ 

aiui Uiou (i.) gives 

rp „ 


The coincideucjo of iiio throo values of v) is 
<HHiivaIont to making dp/dv •() and d^p/dv^ ^0 ; 
thoH(^ ooiiditions <uui still bo applied for 
(^<inaipioiiH of static for whioli the above nnahod 
(uninoi. Ix'i uh(mI. dd\e iHolthermals have the 
Hanie goiu'iral <'.barai('t(U’iHties as those iti 
Andr<>\vs’ diagram for etirbon dioxide. One 
way of showing tliat (U)nHiderabl(^ numerical 
diserepaney i'lxists, however, is to eaUudato the 
expreSHiou' WVJp.Vo^ and oomi)aro with the 
experimental values, ddio expressions for 
the ei'iti(uvl values give thc^ value 2*00 for this 
fraeihm, whereas tln^ experimental values 
giv(' usually about Ib7 or still greater. The 
following tlibh^ is abridgcvl from one collated 
by S. Young, who takers the moan value for a 
large number of substaneos as 3*75 : 

lit, 

HllllMliHlldd, “l"" 


IkMi'/cnc 3 *750 

lHop(mtatui .... 3 ‘732 

('n.rhon i,(U,rjich bride . . 3*(574 

Mthcr 3 *811 

Mth.vl lUM'Uile .... 3 ’044 
Acciic luild .... 44)8U 
Pahyl Cih'oUoI .... 4-()24 

Methyl alcoliol . . . 4-541) 


Kamerllngh - Omn^H,' however, finds the 
value 3*424 for argon, 3*419 for oxygen, and 
for nitrogen 3*421. Patbu’son, Oripps and 
Oruy (hul tlu^ vaJm^ 3*905 for xenon. These 
valm^H tnal«^ it iinpossihh^ to eonneot the 
atoini(^itiy and the magnitude of tlie ratio ; 
though tlie large values are for tho more 
eomplieated mohuudes. A further disorepatiey 
is in the value of the eritic.al vehnno. If h 
iakon as tho h^ast volume into wlueh unit 
mass eaii bo (M)mpi*esH(Hl by an iudofiniMy 
larg<^ iuoiH^ase of pre^ssure, van dor Waals 
mak(^H il< otu^dihlrd of the eritieal volume. 

^ (Untini. Phi/tf, hah, h<‘i<f(‘)t, No. 1*15. 

“ Jtoj/. Pvoc. A., 11)12, l.xxxvl. 5 a). 


Now tho least volume cannot differ much 
from tho volume of tho liquid under ordinary 
conditions (especially when tho ordinary state 
is far below tho critical), but will bo slightly 
less ; yet tho experimentally determined 
critical volume is, by experiment, about foitr 
times tho licjuid volume. Again, Clausius 
showed that tho “ constant ” a is really a 
function of tho absolute tom])oraturo ; ho 
wrote a/T instead of a. Others have sub- 
stituted ac “ instoacl of a. In either of these 
ways a bettor fit with expoi'iment is obtained. 

§ (10) Law ojj^ CoRREsroNmx^a States. — 
If van dor Waals’ equation is taken, it is 
convenient to measure p, v, and T, not in 
absolute jnoasuro, but as fractions of tho 
oorroH})onding tu’itical data for tho particular 
substanco under consideration ; i.e. to write 
P~a>Po, v — T= 7 To. Inserting these 

values and cancelling common factors, the 
equation becomes 

(“+J)w-1 )=8 t, 

which contains no constants ])ocuUar to the 
particular substance. Tho values a, (i, y are 
(jailed “ reduced values ” ; tho equation is 
known as tho “ reduced ocjmition of state.” 
So far as it is true it im])lioa that all substances 
should behave alike for tho same values of 
a, (’if 7 . This is the law of corresponding 
states — a law which is at least approximately 
true. Tho validity of this law is not peculiar 
to van dor Waals’ equation, however; it 
(jan bo shown that it must also bo true if tho 
equation of state only contains three constants 
(such as a, b, R), and at tho same time indicates 
a critical state ; for tho three constants can be 
eliminated by means of the values for tho 
three critical data, hor example, if a is 
roplacjod by a/T^, wUoro n is any power, tho 
reduced equation is 

Olausitxs took (('llausias L). 

Another tost of the etj nation is to find tho 
value of (ha/dy)^^ at tho oritioal point, i.e. 
tho pressuro coellioiont at constant volume. 
Taking the last tnore general (jcpiation, tho 
value of the prcJHsurc eooilicitjnt is found to bo 

da _ 8 ^ thh 

\)y - 1 7 /t + l(j^' 

or at the critical point (a =/:?=7 = l) 



Now, experimental results give a value 7 or 
bhoreabouts ; so that ti is near unity as Clausius _ 
supposed. 

A still furtlior t(JBt is to examine the slope 
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on an Amagat cliagrain ('/>?; against) p or tho 
corresponding roducsecl diagram, a/:i against a). 
Multiplying tlio equation by [i wo got 



87fi a 

Now 

9(0/3) _0(^ 0/3 
fio dfi 'da 

whence 

0(a^) / 

- + M 

'w-\ 

, (3/3-l)=> + 7«/iV 


. / 247 . b \ 

• V 

Considering si^eoially tho region of very low 
pressures for which p is very largo, this is 
approximately 

djafi) 8-(27/7»-I-^ ) 

0a . 24 

Tho isothermal should therefore start out 
horizontally (a —0) when ^ =27/8. Now it 
is found that for nitrogen this horizontahty 
occurs when 7 = 2*56, which would require 
71 to ho 0*29. Moreover, for helium it occurs 
at ordinary temperatures, i.e. for 7=60 or 
thereabouts, which would require ?2,= - -7. 

These results indicate that the properties 
of gases are more coin})lit{atod than implied 
by van dor Waals’ equation or simple modi- 
fications thereof. Borthclot has made uso of 
tho following modification for low pre^mim 
only : 



It clearly does not fit at tho critical point. 

§ ( 20 ) The Genjaral EQjTATroi^ (>!<’ Htatta. — 
Tho imporfootions of van dor WaalH’ equation 
have led to innumorablo other attempts. 

(i.) Dieter id . — Biotorici has disoussod the 
more general equation 

-IW, 

and finds that (as required) if h 6/3 

(Diotorici I.). 

One objection to tliis cupiation is that ^{pr)fd'p 
cannot he zero atp -() unless I’ is itdiiiite. 

(ii.) OlciimiU'i. — (ilausius has examined in 
detail tlie (quation 

(( llausiiiH 1 1.) 

This contains a fourth constant r, so that 
it is ((upablc of repriwmtiiig (hwiations from 
tilts law of corrtsHpondiag states. 

(iii.) A/Z/n//.— d. P. Dalton writes tins rts- 
ducod esquation 

/ 3e/' ’V)\, 

j(3/T- 1)^87, 

(d. b. Dalton) 


and calculates vtsry satisfactory vahu'S for 
vapour presHurt'H from i(w all hough it HuHVrs 
from nia,ny of tho doftscl.s of Itlus original 
equation. 

(iv.) l>ieterid\s iSlerotid hldhod. l)i(si,(M’it‘i 
approached the (|U(‘stiou also by a dilT(sr(Mit, 
method. Ktsgarding tho surfa-ct' lilm of a 
fluid as being a layer of transition in which 
tho ■pressure tshaiigt's (/radunlly from tins 
external pressuro to that insidts, and assuming 
that the density in tills layiu* follows Die law of 
perfect gases, ho finds the isipiatiou 


(Dietm'ici II.) 

(e = base of natural logarithms), which in tho 
reduced form becomes 



This can ho made more gcuusral by taking 
T»» instead of T in the iuchsx of c. value 

of at tins critical ])oint bcHsonuss 

0*^/2 = 3*69, which is a great improvonumt on 
van dor Waals’. But ?;„^-■.26, wliich is hopolcHsly 
wrong. Diotorici then takes h as Ixfing a 
function of tho \^lumo instead of a (umstani. ; 
and is thereby able to g('t a closiu* corn^* 
spondeuco with facts ; but this is <dT<M't(‘d 
only by making the eipiation too com|>Iicat(xl 
to bo oonvimuuit. With (umstant b it liis 
very much bettiu’ tluin van ih^r Waals’ 
ecjuation in tlu^ region of low jiressuroH, but 
is liopelcHs for higdi pn^ssun's a faoti that 
is illustrat<‘d by iJu’i aiuiompaiiying tabh' of 
values for the critical isolfluM’in for isopmitam'i. 

(IrnTUlAI. ISOTIIUUM OlC iHOri'lNTANH 


d'o- ahs. ?»<, 4 ■ 2 ( 11 } cm.’*. 


0 In cm.''. 

P (calculapHl) 
mm. Mercury 
(Dlctcric.I). 

p Col>H(‘rv<'tl). 
mm. Mi'i'ciiry. 

2 *.| 

42 . 7 ;{() 

■<!(.( 180 

2*5 

3 /},HI 0 

> 10.500 

2 *(} 

32 . 0 ! 10 

:i(,i) 8 o 

2 *H 

28 , .‘{(K) 

28 , 1 M 0 

3*0 

2 (}, 7 H() 

20.400 

4*0 

2 />, 32 U 

25.020 

h>{) 

21 »,;M 0 

24 ,i )10 

(bO 

2 'I. 8 H 0 

24,810 

H*(> 

23 ,'ll)() 

23,710 

KbO 

21 , him 

22,010 

20 *(l 

M,h(}() 

14,840 

4(}‘0 

H.hOH 

8,570 

fiO'P 

h ,078 

0,001 

«(l -0 

. 1,(101 i 

4.014 

90 -<) 

' 1,127 

4,132 

KMbO 

3 , 7.10 

3 , 71.0 


If tho pow<M’ of 3' in tlu^ imh'X in laktui as 
3/2 good c.orn‘HiKmdcnco is obtained in tlu^ 
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iv^qon of inodoratiO pnwHuroH for pjhhob an 
(livc^rrto iiH nifrofjjcui, iHopcntano, and hydro- 
cldori<^ jund. 

'!lduU- V Hhould ocH'.ur to tho flrBi power in 
tln^ d(niortutia.i»or of the index was not 
jibHolutely (hdiorniined hy tlio theory. By 
eahudating, from Youn^'H (experimental data 
for iHOfxmtano, tine nmnerie.al . valuoH of 
*VIp . (dp/dT) - 1, I (ind that it iH approximately 
a pa.rai>oli(e function of l/?\ Dicetcriei’s 0 (j[ua- 
tion r(M|uir(eH the value '/(A/(HT"?;). 

§ (21) (1()^^^AKKSo^i OK' RiomuijTH. — A Hum- 
mary of tlm rcHultH of the tcHtH above ^jjivon 
for variouH (Hpiathms of utate Ib exhibited in 
tine aeeompanyinjL; table: 


fn.r bettor corrospondonco with experiments 
than van dor Waalsh The value of n taken 



in the calculation is 3/2 ; bettor agreement 
still is obtained if a -1§. The test made in 


Author. 

jrr 

v-b’ 

:a;r« 

paVo' 

IVi. 

/Tan 
\p 5T/tM-lt. 

y for 

a<x 

Van dor Waals . . 

p-h-T 

2-07 

36 

4 

3*376 

CllausiuH r, . , , 

a 

2^07 

36 

. 

7 

1-837 

Dioiorioi J. ... 

a 






{k^.r,la) 

3-75 

4:6 

5 

Infinity 

„ (modilied) 


3 ‘75 

46 

7 

Infinity 

.1. \K Dalton . , . 

(pago 802) 

2-07 

36 

7 

1*09 

I )ielorici Ih . , . 

a 

2*00 

26 

3 

4 

(modilied) 

a 

2*00 

26 

l+2a 

(4)^ 

„ . 5 . 



»» 

4 

2*62 

('lauHlusll. . . , 







Cr^lll2 

3*00 

46 

7 

2*25 

Experimental . . 


3*5 upwards 

46 

7 

f Nitrogen 2*60 
\ Helium 50 


§(22) Tiiio .louiiiD-TiioMHON En’iow, ■' An 
additional nndJiod of testing a gas equation 
is provid(vl by the th(wmodynami(^ o(|uation 
for tlie floule-Thomson (dTeict.’ This (dfocit 
will h(^ dinimsHed in (hdiail In the article on 
“ Tb(u*lnodynami(^H.” The inverHion points 
for this (dbud- can Ix^ ealeidated from any 
exiKu'imental data for p, v, T, and (^an then 
l)e (xunparcul with the th<H)reti(5al positions 
(for which T(riv’/^)T).^, "7 m's zero), (lurves are 
given (/'Vf/. 18) of reduced temperatures 

l>lott(Hl against rediuKul prossures for inversion 
poiidiH, while the points determined from 
<'ix peri mental datn. are shown as small (ureles 
(for (lOjj) a^nd erossc^s (for nitrog(m). H will 
l)e H(Hm tlia,t Diehuiers (Mpiation H. gives 
^ Htsc VorUsr, rhlLJ\I(W., 1000, xl. 504 ; JOJ.O,Xix,a88, 


this way involv(^H a largo range of prossiiro 
and of temperature It is not conliued to one 
small region, as in many of the other tests 
that we have (h^se.ribed. 

§ (23) (UnnifiNnAR’s Ecbiation. Steam. — 
,Besid(^s the etj nations already given, which 
attempt to re])r(')He)nt the behaviour of liuids 
over long rai\g('H, ecpiations have also boon 
develo[)ed which are of more limited applic- 
ability. Most important of those is the 
equation of CJallondar, wliioh is 


whore c is taken as varying according to the 
inverse power of the absolute temperature, 
c- OqT/VT”. Tho equation, it is claimed, 
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holda good for modcmte, pramireji ; for higher 
])rosHuroB it in neocaHary to regard c an being 
also a funetion of the prorisure. The eej nation 
has been applied by him paHhoilarly to the 
case of steam; and' sinae, from its simplicity, 
the various properties of steam can be co- 
ordinated by manageable c'sxpresHions when use 
is made of the thormodynatnic ecpiations 
which connect those properties, it is rapidly 
coming into general use. Odio general nature 
of Callondar’a e(piation can be best doBcrilx^d 
by pointing out that the isothormals on a 
py V diagram given by it will bo reotangidar 
hyperbolas as for a perfect gas, but shifted 
sideways by amounts, c - dopcndiiig upon 
the tomporaturoa. It makes no attempt to 
re])rosent the critical data, nor does its 
applicability extend t(^ tho liquid state at all ; 
for that reason it would bo better doscrihed 
as applying to moderate densities rather than 
to moderate pressures. For steam tho value 
of n, between 100° and 150° (b, is about 10/5. 
At 160° C. the value of q is 16 ciu.'\ and sineo 
it inereasos with fall in tom[)erature it is 
always, through tho range in which tho equation 
is used, greater than 6, which is taken as 1 cm.^. 
The existence of c is taken to imply ooaggrega- 
tion of single molecules into double and treble 
molecules ; but it may o((ually well represent 
the effect of tho attractions between mole- 
cules which may bo regarded as a potential 
ooaggregation. It is safer so to interpret it ; 
for whatever may happen in. tho case of steam 
there is no ovidonco that niolcMuiiar assocua- 
tion takes place when a substance like iso- 
pentane liquodes ; yet a tonu like c is 
necessary in this case also. 

Its relation to van dcr Waals’ expression 
is shown by first neglecting the ])roduot of 
small quantities in tho latter, whence 

V 


or 


RT_ a 

p pv 


If, next, pv in tlio small term is r(q)la(5(id 
by its approximate equivalent HT and a is 
taken as a function of tomporature alone, 
Callondar’s equation is obtaiuocl. 

§ (24) Methods oio MxnuioHSiNO K.iCHunTH.-- 
Deviations from .Boyle’s and Oharles’ Laws 
arc usually r(q)r(bHente(l by a diagram of pv 
against;;. Kainerlingh-Onmw has also made 
use of Cl pv against density diagnim. Anotiuu* 
very usefid way, for some purposes, is 
to ])lot against temperature tho disoropaucy 
A -v wliore v is tlie actual Hf)e(urKi 

volume at tempcu’aturc^ T, the s])eoifio volume 
at any standard tomporature d’,) ; each curve 
obtaiiunl btnng a constant pr(^HHuro line. As 
oxam])leH, the (uirves for hydrogtm at 60 and 50 
atmospheres respectively are drawn in 11). 


'Thewe eurv<'S rept^wuit Wit kow'ski's (bdorminai* 
tions, which uau’c oht aim'd vvilJi the most 
H(wupuloiiH eare. Throughout tlu^ whok^ rang<^ 
of his ohservatioUH thesis curvu's can Ixs lilted 
with hyperbolas with ou<^ asyinptob^ nvaiiy 



11 ). 


vertical. It should bo noted that if tlie 
product term ah in van dor VVaals’ (Hjuation is 
noglocto<l one obtains 



i.e, a hyperbola witli a vertical asymptote. 

One use to which such a diagrani (‘an lx* 
put is to an examination of siiecifui bcuits. 
(Sec article “Thermodynamics.'’) It is 
shown thermodynamically that 

ri(b, _ 

?p 

where is the sp(xu'li(^ Inxii Uit (X)r)Htant 
pressure p, v is tho sp(xiilic voluimn An 
examination of tb(^ dis(UH>pn,nc\v A shows 
that the right-hand side <xui also he \vritt(Mi 



Km, 20. 


d^d^A/oT^*) ; wlumce it follows Mial' when tln^ 
constant preHHur<^ lim^ is <x>nvex upvvards ifln^ 
value of (!p inen^ases with prcHHur<s end it 
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(liiiiiiiiHluw wluni ilH> (nirvo in coiuiavo upwardw. 
SiiK'o tlio (liH(U’opaiu\v is (Mpuil io b—i.e. iho loaHt 
vohiiiK^ of tlu^ li(pii<l wluni T i’h zoro, curms 
iiH tihoHo hIiovvii for hydro^cui imiat turn 
l)}ud< Hoiucnvlu^ro Ixd.vvotni fho lowoHfc tomi)ora- 
liui‘(^ ahown and alwoliiU^ zero ho hh to <o*ohh 
ov(M’ to tlio poHifivo Hide ; tluH (mui only tako 
pla<u^ by (.ho ourvaturo roV(M'Hin,i)i in ai^ijn — 
(uirv OH hooonung o.onoavo upward’a at low 
toinp(n'aturoH. in tliia lattor roiiijion tho vahio 
of ()„ rnnat diniiniHU with iiun'oaao in pronanro. 
I)ia(n’opanoy curv(^H avo alao ahown 29, 

21) for nitrogen and oarhon-dioxido baaed 
on Ainagat'a invoatigationaA 

I’ho curv(ia for CK)^ aro oonoavo upwards in 



tiu' n^gion alu)wn ; in this region (.1,, diininiahoa 
witih inor(MiH<^ in pnmauro. 

S (25) T{\h] (vdiANTUM PiiwoitY.- “Tn roc-out 
y(^ara iniliail aitoinpta ■ have been made to 
in(.rodu(u< th(^ (U)nHe(iuonc(^H of tlio quantnm 
tluHiry ; that ia, (iio th<v)ry that in tlie intor- 
ohang(^H of oi\(n’gy that tjvke pla(ie botwcon 
rtiohunih^H (UM'tain InU^gral rolationa aro always 
pr(^H(n‘v<Hl luitwotMi tlu^ ainonnta tranaforrod. 
d^horp ia no doulh/ that if thia theory ia tnio 
niodilUiationa will ho r(^<|uirod even in, tho 
(Hinuition for a. “ p(Mi'(Hit ” gaa ; for tho ordi- 
nuiry tlnvn'y aJIowa (uungy to ho tranahaTod in 
any propo’rtio!» wlial.ovcn’, while according to 
the (piantnrn tlieory it may not he tranaforrod 
b(HuuiH(^ (for exami)lo) it ia amalhvr than, tho 
unitary amount ((/lu^ cjuanium) which ia trana- 
ftu’ahlo. ddiia unitary amount ia proportional 
to tho fr(^(nionoy of the atom, aay hv, where 
/t ia a univcM’Hal (jonatant.^ If wo write 
ji (AN/R), wliere N ia the numlKW of atoms 
pcir gram atorn, and R ia the ordinary gas 

1 Porti'r, P/iil, Mau.s HHO, xlx. HOC. 

" H(Ui artU’,l(i “Quantum Thaoiy," Vol. ,IV. 


constant, then Nernst has shown that tho 
gas ccxuution becomes 


pv(l 


i.2T 1.2.:{.T2 


^)= 


etc. 1 =IIT. 


Kor hydrogen gas /:ir ~0'^d417, where V is tho 
noriiial molecular volume.'* 

Again, Planok has started from considera- 
tions of entropy and energy, tho entropy being 
doliued as log Wh- const., W being tho 
l)robability of aT\y ono state of a given mon- 
atomic gas, and k ia tho gas constant per atom, 
llo deduces finally tho equation 



where c is theoretically oqnal to eight times 
tho volume of an atom regarded as ax)hcrical, 
i,(i. 2b as (uilcnlatcd by van dor Waals. This 
equation could only bo applicable throughout 
a limit(Kl range because tho least volume is 
clearly c itself ; so that it ia reolly c which 
t(ik('>H tho place of b in van dor Waals’ equation, 
but the value cahmlatod for it from theory 
is greater than van dor Waal’s value. This 
equation yields critical values 


Vo‘~2r; 


RTo 


a 

2c/ 


Po---^;!,(iog.2~j); 


* "=r:2’() nearly. 
PoVo 


The value of T/p.?p/dT at tho critical point 
is 3*(). Tho probability is that a should bo 
taken as varying inversely as tho toniporature, 
and thou this number l)ecomos ii, which is 
much closer to the experimental value. But 
it fails also at low ])r’ossuro8 to give pv constant 
at any temperature. 

§ ( 20 ) PTIKTIlElt TlUflORETIcfAL D.EVBLOL*- 
MENTB. — Wo have quoted some of tho chief 
equations of state that have been proposed. 
Tho following may also be soloctod for mention 
out of tUo very largo numbers that have boon 
proposed : 

{p + a)(«-6)=lOT. 

(This was given in ISlif).) 

Him 11. and (k Schmidt : 

Xamorlingh-Otmos : 



whore ip(b/v) is a scries of powers of bjv. 


Amagat : 
Tait : 


M(v-a) 




3,(v-6)=KT-^ 



K 

V — a. 



“ other (Hiuatlons arc proi)t)H<ul by W. H. Kccsom. 
(Jomm. Phi/s. Lab. heidm tiupplment 30. 
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Bankine, TliomKon, and Joule : 

I)ii[)r6 : 

^(^H- 0 “rRT. 

(If c in a function of Iho tomporaturo thia may 
become Oallondar’s equation.) 

Sarrau : 

^ KT 

Boltzmann and Maclio : 

Reinganum : c 



wliere Hs a function of temperature. 


Rose-Innos and Young : 

This equation was based u])on S. Young’s 
exporimontal values for isopentane. It con- 
tains five constants. It fits exooodingly well. 
Each term was introduced as it was ft)und 
to bo required. It is probable that the term 
with </ as a factor could bo replaced by a 
term involving the pressure. Tliomson and 
Joule also put forward an equation basted 
upon the Joulo-Thomson oJIcet (porous ]>lug 
experiments). If K is the cooling per atnm- 
sphero 

, T(?t)/ciT)^~u 

' , 

V'j) 


where y=spocific volume, and Oj, the spocilio 
heat at constant prossurc. K was found to 
bo given by a/T'-^, whore a is a constant. If 
Cj, be taken as a constant the equation wlion 
iutt^giutcd gives ' 


T 


C),/t 

;jrp 3 




where /(p) must b(^ identiliod with R/p in 
order that the (equation may n’ldiuso to (hat 
for a perfect gas wlum tb(^ tomf)erature is 
groat. If V bo replaced by v-b, and the 
power of T in the small ttUMU boi alti('ired 
to suit roquiromontH, (jallcndaT’s (^(jtiation is 
obtained. 

4 ) ( 27 ) Til 10 RioijATIon hiotwwun Prhhhiih.w 

AND TlOMlUilItATtlUIO IN TIIK 11 iCTKlItOn MNfOOUH 

RiooiON. MAxwnm/H IhrioouioM. Vapour 
Prioshuiuoh.'-AU su<!h o(juatiotiH as wo hnwo 
given arc couiiimouR functions of the variabhu 
Now examination of Andrews’ diagram shows 
that in the mixed n^gion wluvro both gas and 
li<(uid (^xist ir^ c((uiUbrium with each other tiu' 
pn^HHuro ke<^f)s constant a,l» (jonstant toinpora- 
turo whatever tlio proportion between the two 


phases maybe, fi’his is not iudioalod by miy 
of the suggested eiinaiions. If a. gas below 
its critical temperature is eompriwi'd, a point 
is roaehod at which it no longcu* rcunains 
homogeimous Imt brcMiks up into two paais 
of dilTerent dcaisity gas and luiuid rc^spi'et- 
ivoly. It is in this n^gion that tlu^ prc'Hsurt^ 
is a function. of tlu' (»(unperalure alomi. This 
pressure is the mtmitiaH' pir.wirm. As to 
what tlie prevHSure^ will Ixs I'd any parlicniliir 
temperature, we leave no Ibeiorcqleal guides 
oxceopt a Homcwvhat doubtful (.luM>rem dm^ 
to Maxwedi. Maxwell imaginc^s a cycles of 
operations performed throughout at one 
temperature; in thee forward part of thee eyelet 
the transformatioie from liepdd to gas takc'S 
placse in aeeordanee with an esj nation of stale 
—say van der Waals* cHpiatioit (sliown hy 
(lotted line) — the return path being along 
the constant saturation 
])rcsHiiroline. If this eyelet ^ 
is performed rcwersihly at 
constant temperature it 
should be impossible^ to 
gain work by moans of it 
— or, ill other words, the 
work done in the forward 
part must be e.aucoUed by iqcn. 22. 

the negative work in the 
return transformation. Douhli as t>o the 
validity of this thcuircMU arisc's from Ihc' fact 
that transformation in ae-eordiiuee wit.h van 
der Waals’ (Mpiatiou in tlu‘ lu't c'rogencMius region 
nuist bo unstablcN olllu'lr\viH(^ tlu' (luid would 
not HO rc’iguhuiy tiakc^ anotluM’ path (t.lu^ hc'tcu'o- 
goimous one) instcwl. In fact, in om^ part, of 
the hoinogetmous path tlu^ pressun'i -/herroNes 
with in volume : which is a comj)l(q.ely 

uuHtal)lo state of things, Attcmipts liavc^ licnm 
made to get oven* tills dilliculty, and not with- 
out some Huc.tiesH.' UencHi, sincc'i tiic^ theorenn 
appears to b<% in practice, a reliables guide In 
spite of misgivings eomunming Its validity, 
it is wordi wliilc^ to giv(^ examph's of its 
application. Lt't r,, v'j, Ix^ volumes of licpiid 
and vapour n^spcxhivcdy at tern pens,!, urc^ 1 ', 
and hq t be the' salnraiion pUNSHiircf. W<^ 
will, in i.he first phMH\ assuim^ van dcu* Waals’ 
equation. Along the dotUsl curve* llu' work 

done JH / ptlw whcu’c 

ItT N, 

I' ,, /j 

while backwards along (lu^ saliiration line it 
is • e,). Hemee tluM-otal work is 

Rl'log^^** -'V- 7 r‘(r,, /',) () 

^ ?V'd> \s« I'il 

by Mn.xwe»Il’H tluxmun. Mor(M)v<U‘, simu' t.lus 
' Hoe Bryiui, T/u’muxfifnamhff (It (k T(*ubaor, 




THERMAL EXPANkSTON 


pointH i\ iiiul aro both on ilio van dor WaalH 
iHOthCM’in, prp 




(•i “h Ajl '|- A2)Aj^A2» 


If \v(i had (^inployc'd the I’oduood oq[uatioii ilio 
ihr(M^ ('<pmiionH would have boon 

'' Jfil ~l + '* “ (3 J ~ - h) = 0. 

_ 87 S 

87 3 

/V^’ 

wh(^^(^ ilu' Hyinbol TT Ih roiaiiKMl for tho reduced 
vapour pr(wurt\ Ifroni tln^ lanb two equations 
wo oaii olinunat(\ (‘iUior 7 or tt, giving 

^ ' (*' I 'I ■ A2)Aj^A2» 

^ (A, M A2)(3 -A,)(3 »A2), 

wli(U‘<^ A|“ (I/di)i A.j (l/d-j) i-bo reduced 
d(MlKit.i(‘H. 

l^'roin (.ln'H(\ iiogoiluu' with iilu^ lirHt ocjuation, 
/•fj, /-iy* TT can all 1 hi c'xpnwc^d in Ua'ins of 7 
(tlu^ nuhuuul ttuuporatun^). Tho oliniinaiiou 
of tho vnriabh'H in a soinowhat cumbrous 
proo^oHH ; a method for off(Hd/ing it has boon 
given by Max ,Plan(h<d who apf>liod it to 
(llaamiuH’ (Mpiation 1. J. P. Dalton has applied 
a Himihvr nu^thod of reduction,*^ starting from 
his own (‘(juation 

which giv(^H most 0x0, client rosults. If wo 
:)/■!, -- 1 ”■ re-”, 

:!/•(» -1 -«» 

whort^ r and a; aro auxiliary variables, an<l 
a[)ply Maxwc^ll’s tlu'onuti, wo lind 
sinh i2:r '-2,r 
ir <u)Kh .r sinh A-' 

Starting from aa’hitrary values of x tho 
vahu^H of r ar(> oahmlakHl ; th<Mn*.o the corro- 
Hponding vadu's of /•!, an<I (-U ; tho nmmining 
prcHunltin^ is sliraiightforward but cumbrous. 
KesultH cahmlaled from van dor Waals* 
(Mpiatiioti atul from Dalton’s'-* aro given in 
A’/g. 23, and (uunparod with ox peri mental 
va.liK^H for isopciutatK^ (a notnassociaiod sub- 
stance) and rm^thylaJoolud (aHSooiaiod). If 
ilu^ law of (uuTOHponding states W(h’o rigorously 
ob(\yod th<^H(^ (experimental curves would bo 
coincidtMit ; as Jong as such dilTcronoos as 

' irfoA Ann., IHHl, xlll. 5115. 

“ UaK.oa, Trnuff, H. Sor. of ^V. Africa, 1014, iv. 
part li, 1 28. 


those occur it is obviously impossible to re- 
present tho thermal behaviour of different 
substances by - - 

^ *' 1 U| I I I I 1— — 

a single ecpia- U'an,c/crMrnnte,, 9 (,urttK)n j 

tiou, and all O'O — - - 

that 0110 can ^ nmnlo foAicnmontnl) • !. 
do is to con- ^ 7 r 

tt t r u c t an =5 o • ? y A- 

eq nation for a S / 

luititious Hub- f - A— 

stance to servo | ^ ^ ^ / 

as a type from §* / of 

which j>articu- o 4 f—J - — 

lar substances o oA 

deviate more 

or less accord- J 0 / * 

ing to their /' 

nioleoularcoin- o-i 

]>lexity. ^ ‘ * 

It will bo 0-4 o- 5 *b-c 0-7 o-a o-o i-o 
seen that Dal- l^educed Tanwemture 

ton’s (Hpiation Pm. 23. 

giv()H r>ra(jti- , 

(‘.ally tho same slope near the critical jioint 
as both experimental curves. Van dor Waals 
put forward an (unpirical equation 


0’4 0-5 0-0 0-7 O-a 0-3 1-0 

JReduced Tomfierature 




conneeting saturation pressure audtomporaturo 
for r(Mluc(Kl vapour ])rcHHuros, whoro f is 2-97 
for (jOy and 2d)5 for isopentane. Dalton’s 
O(piation gives 3-04 down to a reduced tem- 
perature ()‘83, after which it gradually in- 
creaBos. When natural logarithms are used 
Dalton’s facdor is 3-04 x 2-303 =--• 7-00. 

§ (28) Law op RiiOTiUNWAu Diameters. — 
If the denmties of vajxjur and of tho liquid at 
tho border curve are both plotted against tho 
temperature the two ourvoB moot at tho 
criti(Md point, thus jointly forming a curve 
roughly parabolic in shape. A curve drawn 
on the same diagram, whoso ordinate is tho 






:en 





N 



_i»ALo- 


A 


aritlnnctic mean of these clonsitios, is neai’ly 
a straight lino also passing through the 
(uitical point. This fact, discovered by 
Mathias, is known as tho law of roetilintmr 
diameters. It loads to one of tho most 
acseurato methods of chdermining the critical 
volume which is tho huist easily measured of 
all the criticsal data, owing to tho rapid change 
of volume at that point with change in i)reHSuro, 

3 M 


voiA r 
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THERMAL EXPANSION 


For if tlic (loiiHiiioH have been detenuinc^d at 
tciiiperatuvcs iTot too I’t^inoto from the critioal 
point tlio cliatnoter (uiu l)e drawii and extra- 
polated to the critical tompcn-aturc. 

To deternurio thoHO dennitiefi a tube, 8iieh 
as Andrews’, is used ami lilled with the gas: 
tlio mass of the gas becomes known from an 
t)bsorvation of its pressure, volume, and 
tem])orature. This gas is tlien eompressc^l 
till condensation begins ; the volume is tlien 
noted, and from this tlie density of the 
saburatod gas ia caloulatod. The mercury is 
then caused to rise in tlio tube till the wliole 
gas is liquefied ; again, the observation of the 
now volume enables the density of the lupud 
to ho calculated. To dotermino the cu-iiit'.al 
tomporaturo and iirossure the temiierature is 
adjusted until the meniscus so]iarating tlio 
liquid and gas disappears or reappears due 
to a minute change. The tonpioratnro and 
pressure can then bo road off. If the sub- 
stance attacks glass, and thereby makes the 



to. 

'Ih. 

Atm. 

Acotono 

23,3-24(5 

52 -(50 

Ethyl ctliar .... 

104-4 

3r)-(5l 

Ethylene 

10 

51-7 

Ethyl alcohol .... 

243-G 

(52-7G 

Argon 

-117-4 

52-0 



-121 

50-G 

Benzol 

-1 288-5 

47-81) 

Bromine 

302-2 


Clilorino 

141-0 

83-0 

C^arbon tetrar.hlorido. 

283-15 

44-07 

Hydrogen chloride (llCl) 

52-3 

8(5-0 

Neon 

< -205 


Octane (normal) , 

20(1-2 

24 -(54 5 

I’entaue (normal). 

107 -2 

33-03 

•iHopcnitano .... 

187-8 

32-02 

l^iioHpliorus trichloride . 

285-5 


Oxygon 

-118-8 

50-H 

» 

- 118-82 

4 0-7 13 

(Jar bon disnljihide . , 

iSuIphur dioxidii , . 

Wili(;a htracJik iride . 

27.3-05 

i5(;-o 

72-8(58 

78-0 

(iSajotHelu'wsky) 

2.30-0 

Nitrogen 

•■14(5 

35-0 

- 

--M7-1.3 

.33-400 

Toluol 

320 -O 

41-G 

Wat,(n- 

358-1 

.3(;4-3 

104 -(51 

” 

3(55 -0 

200-5 

Xcaion 

M-7 

57-2 

Air 

. 140-0 

30-0 

* 

- 141 -0 

30 ‘G 


observation of tlu' nuMiiHCus impoHsiMis 
hUkiI tube is taloMi (plntinisi'd iiisid(‘, if 
iHKHwary, to pr(*v(‘nt altack (tf tlx' vapour 
on the stc!('l), and obK('rvaiiions of pri'ssuri^ 
and tcsmperai'Urci ar<^ lakiai uidil (ho critioal 
fi(un|KM‘a,tur(^ luis b(‘<Mi paas(Ml. Tlu'^ <'Kp<a’i- 
meut is tluai r(q>oad<'d ivifh u (fijjvrviil qiutnfily 
of ,^nhM(t'Hro prm'iil. Tlu^ pr(‘HHurodemp<>ia" 
turo curve will tlm saim^ m b(‘for<^ (viz. 
the saturation pn^HSiinuairviO unlil t lu^ criiicaJ 
temiumiture is rivvolu'd ; nflor tliis point) (lu^ 
pressure will change (lilT(u*(‘Utfy from (lu^ pre*- 
vious ease, d’he point of si'paj’atiou of (lu^ 
two eurvoH gives tlu^ critical vahu's. 

§ (rib) Mxim'Uumiontai. Itnsni/rs. Valm^s 
arc given in tlu^ subjoined tabh^ d’he critical 
volume is only givim wdien it was ('Xp<H’i- 
meiitally ileteruuned. 9’be unit of volimn^ is 
the volume of the gas umhu* om^ nt iuosphen^ 
pressure at IT (1. 'The critical chaislty is also 
given taking the (Unisity of water at *1" (t 
as unit. 




' - ‘ ' 


r... 

df*. 

()l)Scrvor. 

•• 

•2(522 

Yeung 



Olszewski 

0-00713 

0-288 

Ihnnsay and 
\'oiing 

• • 

• • 

Ihnnsay and 
Traviu’s 



OlszmvMlvi 


0-3015 

Young 

0 •00(505 

I-I8 

Nad('j(lln(' 

. . 


I)('wa,r 

. . • 

0-5.57(5 

N’lrnag 


o-(;i 

1 )('\\ ar 

. . 


Ivarnany and 
'rivivera 

. . 

0-2327 

Young 


0-2323 

Young 


0-2343 

Young 



hnvvt'VHky 

*• 

045014 

(you Wroblewski) 

( >la/.(nvMlri 



hatnm-lingli 
Onm-M, ('tr. 

0-0000 II 


Hafollt 


0-52 

( 'aill(4(*t (4) 
Mat Iiiaa 



Metnl(4cj(nv 


0-1 4 

(von VVrol>lc\v(ilvi) 

t )lH/.('\\alvi 



Kajum-lingh 
OnncM, etc. 


, . 

AltMcIml 

0-001874 

0-420 

Nadt'jdiiie 

0-0038(54 


HainTi 

• ‘ 

• • 

('aillt4ct (-1) 

( 'ollanlcau 



Kamany and 
O’ra.vcra 

. . 

. . 

( Jla/ewalu 



v.WrohlcwkHl 
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THERMAL EXPANSION 


n. l)avi('H ' liaH Hhown iliat iilio c.oon'Kiiont 
(»f <'X|)anHi<>n of lujuidn at juiy iompoiul.uro 
Huni(U(Mi(.ly r(Mnot<^ from tlu'_ (irit.uial oaii bo 
<’nbiila.i('<i from foi'inubi a -T), 

followiiij^ vUiliu'H af O'’ ('. illimiraio the 
a|)i)lit‘atioii of (Iuh ruh^ wbic.h in bawnl upon 
ib(^ la,\v of nad iliiu'ar (lijinudiorH : 

a a 

Oiili'UlaliOd. Ol>Mfrv('d. 


()-<)()b‘i:}i) 0'0()i:w.i- 

Hill) -OOdS^J 

1 1(;7 -ooiO'i- 

1172 •()() 117(1 

Mim ‘OOMiH 

•OOOHH •0()()B:M. 

•()()1()(>2 •001028 

•00082 •00075 

O'OOIOI 0-00002 

'Phorpo and lluclua* “ bad proviounly ahown 
iiuiii 

rp T,I),^.T,I), 

" A(l), I).)’ 

wluo'(^ 1), aiud Du a.i’(^ lla^ of a I’upikl 

ai lomp(M'a4.ur(\4 and T.j r(^Hp(H'.iivoly, and 
A in a. c.onHl.aiidi whioh Dh\v falvo to In’! 1*005. 
TIk' two (^xpn'HHioim aro o<piivaloni to ono 
JUIotlUM*. 

§ (JJO) Mixmo (Uhmh. • - I'lio o((uatioiiH of 
Htat(^ wliiob liav<^ boon oonaidorcd aro all 
inttmd(Hl to apply oidy to puro IIuuIh. The 
(pH'Htiim of tnixod in in a much more 

imp(a’f<Hd/ Hl.atcs On tbo oxjna’imoutal Hide 
(Ji<^ mixturo W’liioli baa lunai numt ntudiod in 
tluit of ail’. Ama,fi;a.t''H ** invc'HtigatiooH oxtond 
up (,o ;{()00 atmoKphon^H, and tliroughout tluH 
raiipii^ ho lindH followiiiju; law to bo tnio : 

d’h<^ voluino of a /jjancaaiH mixturo m (Mpial 
to tbo HUin of th(' volutm^H that tlu^ oom- 
pon<ad.H wiadd oo(5upy if lib(\y vveu'o Hoparato 
aiiul (MU'b all thi’i jUH'HHurt’i of iilio mixturo. 

HaoiU’doU^ ^ found tlu^ law to bo wainibly 
oxuiot in tboi noifjjbbourbood of atmoHphono 
pr('HHnr(^ for a mixturo of oarbon dioxido and 
nitirojt!:on protoxid(^. On tbo o-ontrary, it ih in 
(bvru,ult for a mixtun^ of (Kljj and HOjj,'* of 
oxyp;<ai and bydro^(md' and in Homo othor 
oaMi'H.’ D.xp(M'imontally it in, of oourwb, much 
ludilnr not to Htudy law dirootly (by 
muikin^ variouM mixliurc'H at a givon proHHuro 
and lindinfj; tlu^ prc'HHun^ of tbo mixturo whoa 
(ilu^ l.otal volunu^ in prowuwod oountant) but 
to tako (Mudi of hcwim’uJ mixtun^H and in- 
V(^Htip;at{' tb(^ /a r* T ndationn Cor it. 

* Phil. 1012, xxlll. 057. 

« TrtoiH. PhfnK ^'ar„ IHS-l, xlv. 

“ Anumat, <"awo<0'.v 1808, oxxvll. 

* ,Snc(M*<lol.(\ f Itt'iitiKii, 1800, (•xxvlU. 001. 

^ b('dlll^ (Vaap/r.v .lim. 17, IHHO; HaoarUoto, 

A5'/a//fw, J.'U). 2'l, 1808. 

" horMu‘lot and Ha.(‘(‘rdoto, AVuf/wp, March 

27, 1800. 

» Bnum, IT/Vd. Ann. xxxlv. 048. 



On tbo theoretic side it is natural to 
endeavour to represent the results by an 
e(( nation of whieh van derWaals’ is the typo: 

(i;-l ;J)(r-B)=RT. 

H X and l-x aro the relative numbers 
of inoleeiiles of the two species present, 
theoretical considerations led van dor Waals 
to write 

A ■ “U.j( 1 — + (ux‘^ + 2rtj._>a’(l — 3:), 

.B 1 x) “ -I- I — x), 

where and aro new constants. Kuonen 
has voriliod this by direct experiment on 
mixtures of Ci\.rbon dioxide and methyl 
chloride, VersehalTolt on carbon dioxido and 
hydrogen, and Quint on ethane and hydro- 
chloric acid. Bertludot has concluded from 
his experiments, in the neighbourhood of 
atmospheric pressure, that 

+x)A b^x. 

Those concluHions must, however, ho accepted 
wLi.h reserve. 

.During the liipiefaetion of a gaseous mixturo 
the jU’esHure docs not k(‘ep constant during 
the co-existence of the two phases, but pro- 
gix'Hsivt^ly (5hang(^H with ineroaso in the 
(piantity of liquid formed. The isothormals 
in this region aro not only inclined (instead 
of Iiorizontal as for a puro substance), but 
they aro curved. The composition of the 
lupiid phase is in general different from that 
of the gaseous. 

A oommoidy occurring case is illustrated by 
mixtures of aee- 
touc and etlu^r 
(i%25).8 The 
abscuHsao on ooo 
ihc diagram ro- 
pnwent molar 
frae-tioiiB of 
acetone, i.e. the 
nil m her of nor- 
mal molecules 
of aei^tono in 
the li(|ui(l mix- 
ture divided by 
tbo total num- 
ber of normal 200 
molecules of 
both kinds ; the 
or<linatosarothe 
partial vapour 
press u res of 
a(‘.etono (A) and 
other (,li). ^rhoHo 25. 

ourvoB can bo 

reprosent<id very accurately indeed by ih<^ 

cquatmuH 

“ I’ortur, Trans, li'urail. 800 ., ioao, xv. 
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THERMAL PROPERTIK^- THERMAL TIKIT, TUimSH 


where the suffixes a and b refer to the two 
constituents ; tt is partial vaixnir prosHure ; 
II the vapour ])reHHuro of a constituent when 
the other is absent ; /Xa is the nndar fract.ion 
of a, and is a cliaractevistiic^ constant. For 
the particidar mixture — 0-7414. 

It will bo soon that for the ratio tt/II thoixi is 
only one characteristic constant. The hum 
of the curve for various values of jS is shown 
in Fi(/. 20. For mothyl-alcohol and glycerol 



Molar Fraotion 
Fia. 20. 


/3 = 1 ; for acetone and oloio acid /•i=0*5; 
for other and oleic acid /y= -0-2; for ether 
and sulphuric acid -0. 

§ (31) Tirn Soun Statio.— T here is no 
satisfactory equation yet available for the 
solid state. The transition from Ii(]UKl to 
solid implies nuieh more radical (ffiaiiges than 
from gas to liquid. In a true solid the 
atoms become practically fixed in position 
(except for slight thermal jigitalion) imd(U“ 
the aefion of (ryMaUivo forces so as to bo 
distributed u])on an imagimuy framework or 
lattice. An arnoi-phous body like ordinary 
glass or silica glass is in natliliy a Hubcoohnl 
liquid of very bigli viscosity of th(^ same 
general (-Jiarachier as (only much more viscous 
than) waitu’ which at ordinary pressure may 
have Ix^'u cookal down to --20" (1. without 
crystallisafiion into the solid form taking plac.o. 
Solidilicatioii (f.c. crystallisation) is marked 
by taking place at a (hhiniie temperature for 
a (1(411111)0 ])i’('ssur(^. Afi sueli i(unporature 
and prt^HHun^ Ibe solid and liipiid (uui (^xist 
tog(4)bor rn (iny propniiion just as for a liijiud 
and vapour. I'licsro is a eluuig('i in Rp(Hiilie 
volume ill tlu'i act of solidifioafiion or in i)lio 
rovorso jn'oaw of melting; as a rule the 
s[)(H!i(i(! volume is giHMiter for th(^ li(juid, 
though this rule has notalile cixcojitiouH 
water). 7h(} following are examples of 


the (Umsitu's of llu^ li<juid and (hut of tlu^ 
solid : 



Di'iisKy. 1 

Hni>Hl.iince. 




Solhl. 

Litjiiid, 

Almuinium (hanmicn'd) 

2*7r) 

2-420 

Arsi'iiic ..... 

r)-7:{ 

0-71 

Xjcad 

11 ‘(10 

l0-(i4 

Iron (pure') .... 

7*85 7 ‘88 

(i-H8 


f M‘10 

13-0 

Quicksilver .... 

1 ai 38" -8 
'1 J4‘38 

Mt 0” 


1 ai ■ 188” 


Ice-wahu’ at (P ( t . 

0-l)l()74 

0-0U088 

Bismuth at 27 rU'. . 

04173 

lO-OOl 


Tlio ('.haug(^ of spcHudiC) voluim^ in jiassing 
eitiuw from solid to lupiid or from liquid to 
vapour is important in Tlun'inod^ynamies 
(wlimh H(^e). 

, A gas may pass diro(‘,tly into tlu^ solid Hta(i(^ 
(or the solid may form vapour) insU'ud of 
into the li(|uid state. The eondiliioim whieh 
dotormiim the pluiH(^H that eau he in tniui li- 
brium with one another at a given pressunH 
and tomporaturo form a chapter in (lhemi(^al 
Ryaamics. 


TiiiCRMAi. IhiomoRTiKH, uH(‘d as H(H!ondiu’y 
standards of ()(Mup(M'a('Ur(^ and compar'd 
with a gas-th(U’mom('lier in the rangi^ 273" 
to 0" (u “ T(unp('ratur(', Kealisadon of 
Alisolute H('al(^ of," § (32). 

Tukrmau Prorkhtiks which can Ik^ n^pro- 
dim(Ml and used as sinumdary standards of 
l(unp(u’ature above fiOO" (I. (1) 3die sp(H'i(i(^ 
lunit of platinum ; (2) The index of refrae- 
tion of air ; (3) ^die (ioliu.1 radiation from 
a black body; (d) The radiat)(ul (uiergy 
eoiTOponding to a giv(‘n w'avcvlengili in lilu^ 
radiation from a bhudi. body, I’tnio 

p(U‘atur(s Rendisation of Absolide iScu,l(' of," 

Tlll'JIlMAl. IblOI'RRTinM AND hiXKII 3'l'lMl'KHA- 
1’URHS, (loMju NATION OK, uhimI as a Hl'condary 
standard of ieinpm’atun^ in th(^ raiig<' abosm 
and eompaivd wilJi a gaHlhm’nio- 
nu'tor. H{^C' T<unperatnr<*, RcaliNadou of 
Absoluto Ncah^ of," § ('12). 

TlIKRiVlAh pROnWRTlK.S OK HU IlMTA NO KH, UMod 

as H('(^oridary sfandards of (t'mpm’al.ure, by 
eomparison wilb a gaMd.lu'rmonn'tiu’. 

" 3Vmp('ratnre, Ri^alisation of Almolul.e 
Meale of," § (2b). 

Thkrmao Unit, IhiiTisn. Uni' IHdth part of 
tile luMiit reijuiri'd (o rnis<^ oiu' pound of 
wat(M* from (.he midting point to the boiling- 
point at U) pn'HHun^ of om^ atmoHphm’(\ S(m^ 

“ TliermodynamicH," § (2). 
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TIIHRM()OOUI>i.I^]S 

(I) iNTRoDuc/rioN. • Tlio thonnooloctric 
pyroRK^liiR’ Ih (.lio inoHt ^R^uomlly TiHod of all 
a.ppliaiu'C'H for the moaHuronK'nt of moderately 
hi^h UatiporaturoM, and lu the oourHO of tiino 
it IiaH been d(ivoloped into an iiLstrumcnt 
of pnHiiHtou. 

Starting from the basie diwcovery of Reobeck 
in 1828 iJiat at the junction of two diBHimilar 
metaln vvIhmx lieatcHl an ckuitrornotivo force waa 
goiun’ahu], innumcrablo attempta were made 
during the HubHCHjuent half -(century to con- 
Htrin’li a pra,c.tical form of j>yromoter upon thia 
principle. 

altemptH g(nierally ended in failure, 
not on a<iconnt of atiy inherent defect in the 
nndilnxla, but bta'.auHe the extreme HUHoo])li- 
biliiy of tho tlnu’moelectrhi pro{)ertioH of motala 
to alight <^hemi(^al and phyaieal ehangea waa 
not at that time fully realiaed. honillet, 
for (^xamph^ adoptetl tla^ tu)ml)iuation of a 
platinum wiri\ ('iiieloaed in an iron gun-lmrnd. 
It ia m)W known thati tlu^ plaihnun ia rapidly 
(hderioratt'd at bigh t(miperat\irea by reducing 
gaM(‘a a,nd nnd.allic. vapour, ao that tbo ehoie.e 
of UiU iron barn^l by Pouillet waa very im- 
fortuuat(\ 

Anolilu^r Hin’inua diHal)ility that the early 
inv(^HliigatorH lal)our('d under waa inade(piato 
t^lee.tri('al inatruinenta for nuMiauriug the 
amall RM.h\ generated; it ia only within 
<<ompamtiv(^ly ree.tuit yeara that thcrmoeloctrio 
poientionn^tc'ra and Jiigh reaiatauoo moving 
coil indie, atora of th(^ pivoted iypo have been 
evolv<nl. 

At IJn* preatmt day the ibermoelectiio 
nu^thod of nuMiauring temp(u'atiire haa attained 
a d<^gre(^ of preeiaion aecumd only to the 
n'aiatamu^ tbermonieter, and for temporatar(^H 
<^X(HHMUng 1100" C. it ia the only convenient 
ami H<maiirivo ehudiritsal method available. 

lt> niuat b(^ (miphaHiHod, however, that tlio 
tlnu'moelement ia only a aubaidiary inatrument 
whoH<^ aeale will not atand extrapolation over 
oxttuuled hnnperaturo rangea, and oaeh in- 
<lividual ]>y rounder re<pureH calibration. 

A tbermo(‘leetri<i pyrometer outiit ia made 
up of tlu^ following (dcuuenta ; 

1. two motala coualttuting the thormo- 
(^lonuMilu 

2. The (ile<diriea,l inaidation of thcHO wirea 
and tln^ pi’o^udiing tulx^a. 

2. in(li(iator or poteutioineter for 

im^aHuring tln^ th(n’mail h3.M.I^\ 

4, dTc! proviaioti for controlling the cold 
juncUoJi tem|KU*atur<^. 

r>. d’ln^ wiritjg ayalicm, Hwitchea, etc., when 
tln^ inatallation eonaiata of more than one 
pyrmneUu'. 

'Phe choice of puce motala and alloya for 
uao in the conatruction of thormocouplea 


ia primarily dotenninod by the iemporaturo 
whieh haa to bo measured. 

Bxit for the question of eoat ])latinum and 
its alloya \vould be univcT'aally used, as their 
uon-oxidiaahiliiy and Ingh iindtingqxnnt make 
them ideally suitable for thcrmoeloctrio work. 

The ncceasity of aubaiituting some less ex- 
ponaive material for these rare metals has led 
to an extended study of other motala and 
alloys, with the n^sult that it is now possible 
to measure tomperatureH up to 1200° 0. with 
base metal couples with a moderate degree 
of accuracy, hut for sciontihe work at higli 
tom])eratures there is no alternative to the 
rare metal thormoelcmont. 

§ (2) Basts Mrtal TniimMOTn.nMENTs. — For 
low-temporaturo work up to alxuit 300° C. 
copper, iron, or silver versus conatantan ^ are 
quite satisfactory, possessing a large E.M.E. 
j)er degree of the order of 40 to CO microvolts. 

(i.) Copper Condmitan. — Both copper and 
conHl.antan are obtainable in any size wires and 
the thermocouples maiutain their calibration 
if Tiot overluMitcd. At temperatures above 
300° C. rapid detcrioraiion occurs unless the 
cou[)l(^ is made of heavy section wires, and 
experienc.e luis shown that a ])roeision of only 
5° to 10'’ (.1. can bo cx}TOcto(l in measuring 
tomperaturoH in the neighbourhood of 500° C. 

(ii.) Iron OonMantan. — Idio E.M.F. tempera- 
ture relationship of iron (jonstantan is a closer 
apjTi'oximation to a straight lino than is the 
case with co])pcr constantan. For work at 
low temperatures the combination has the 
pracitical drawback that the kun is liable to 
rust in a humid atitiosphero. 

Iron constantan thcrinoooui)los are employed 
in technical work u]) to 800° 0. and arc then 
made of very heavy section wires. After 
])rolongcd exposure to high temperatures iron 
is subject to the dovolopnKmt of parasitic 
curnmts. Those may luivo their origin in a 
variety of sourcc^s. It is holioved that 
segregation and cavities of occluchul gas in the 
casting can give rise to a want of homogeneity, 
whilst changes of cnystal Htru(4-uro on prolonged 
boating are also a frcTpiout sources of trouble. 

(iii.) Iron Nickel.— Tim combination t)f two 
(‘.ommon metals was once cxtonsively used in 
industrial work, htit has sincso been largely 
disfdaced by alloys more resistant to oxidation 
and to change at high temperatures. 

Nickel undergoes a molccudar transformation 
hotwecni 230” 0. and 300” (1 whieh renders the 
p.yromotor nnsuitahlo for use over this range, 
hut it gives fairly satisfactory results between 
400° and 800” 

The temperature relationship of tho 

couple is nearly linear over the working range. 

A peculiar fa(‘.t has boon observed about 
nickel : tho jnire mctjil is oxidised and 

' An alloy containing 00 per cent copper, 40 per 
cent nickel. 
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rciidcrod briiilo by boai.iii^^ in air, whilMi it.H 
alloys with (‘.hroniimu and aluminiurn roHinli 
oxidisation fairly \V(^ll and do not dotoriorato 
rapidly. 

(iv. j Nichd-Ghrominm, Nickel^ A Iwmninm . — 
Mckol-cihroiniuni : 00 por cent Ni, 10 per ciMit 
Or; niokol-aluminiuin : 98 par oont Al, 

about 2 ])or cent Ni, with Ri and Mn. 

This coml)ination was introduced by Hoskins 
and is soniotiiiics known by the trade name of 
chrornol-ahnnol thorinoelcinont. It orifj^inated 
in a search for a metal to rei)laco the iron 
olement in the iron - nickel thoi’mcudement. 
Tho alloy “ chromel ])rovod so su(‘.C(wful 
that a Hubstituk^ for nickel was found in the 
“ alumol ” alloy. Tho presence of small 
quantities of silicon and man^niiu^se ap[)cars 
ossontial, for it was found that although the 
pure nickel aluminium alloy stood up well at 
high tomporaturoB it bccjimo brittle with xiso 
at lower tein[)oratures, 

Tho chromcl-alumcl couple can be used up 
to 1100® 0. continuously, and will stand for 
short periods a temperature 200" (I higher. 

Tho temporaturo curve above 100*^ (1. 

is nearly a straight lino. 

It should bo romombored that tho E.M.F, of 
base mot^al couples decrease with prolonged 
exposure to high temperatures, so frequent 
re-calibration is necessary. 

Tho fact that base metal thermocouples 
generate about four tim<^s tho K.M.F. x)er 
degree of a platinum-rhodium couple is an 
advantage from tho ])oint of view of tho 
construction of robust pivoted 
^ indicators for ])ortablo outfits, 
■ I but since tlu^y arc 

4.2 . 1 / less stable than tho 

4-0 • /*"" jdatinum cotiplos 

S’8 ' / they cannot bo cm- 

3.4! / ployed for work 

3.2. / whore ])ormancncy 

I 9-0- / of calibration is 

R ■ / essential. 

i 2*4' / ^ (-1) 

2..2J / TjIKHMO ICLIO- 

t “'“I / 1^00 “c 

I J'® j / ' tinum-Platrnum 

/ \{) %)er amt liko- 

1.2 1 / dium , — This 
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thormoolcmcut was introduced by Lo (Ihatclier 
in 188(5, and has since I’omaincd tho most 
roliahlo of all combinations tested. 

It is gouerally employed in scientific work 
at liigh temperatures and in a grcuit many 


induMtria-l instnllaf iotis. Hucli eoupI('s will 
stajul IbfMTfk but ca,i‘(‘ must, be ialuai lo 
shield t-bem from ri'diuang gasi's, silicon, or 
nudallie va[smrH. Platinum eoupb's must, be 
t.hoi‘oughly (>rot.{H't('(l from Hu^ vapours 
distilled from grapbit(^ or eaibou at high 
temperatures, 

(ii.) Plait Iridiitiii. 'Phe plat- 
inum-iridium a.lIoy, lirsti us(h 1 by Parus, works 
satisfactorily up to about ltK)9" P., I)ui a.t» 
lughiH’ temperaturi^s tke iridium volatilisi's and 
(irolonged exposure eaus(^s contamiuntion of 
the pure', platinum limb of tiu'i (k'ineat.. 

The relative volatility of tlu^ rare imUals is 
shown by the e.urvi^s in Pit/. I, whit'h a.U' bast'd 
on some ('xpta’iments made by Rir William 
(irookt's. Tlu^ nuvtals wtwt^ kt^pt ati a t.empt'ra,- 
tun^ of IHOt)^' ('. 

§ (•!) PuoTi'JdTiNk 9hiUKS.- Tht' eboiee of 
protecting sheatfh for a ilu'ruioekuneiit isth'ku*- 
rnined primarily by the conditions luidt'r which 
the pyrometer is to be used. Por exptu'iuumtal 
work where there is no danger of eontamina- 
tion it is possible to use a thermoelement 
without a pro- 
tee ting tube 
and thus di- 
ininish “ lag ” 
enormously. 

Aconvenienti 
method of 
mounting for 
laboratory use 
is sliown in 
Pit/. 2. irin^ 
parts to b(^ in- 1<H0. 2. 

serk^d in tlu^ 

hob region are iusulakal with eapillarit's of 
fireclay, whik^ the juntdions with tlu^ coppt'r 
leads are inserttMl in glass tubt^s which art^ 
maintained at (P (1. by immersion in povvihn’cd 
ice. The wide-neck(Hl. form of (Hnnnicu'citil 
vacuum flask is a useful ree(^{>kicl(^ for tli<» 
i(ie. The two k'Sids ou righti of A'/g. 2 
arc of thin guUfap(n*cha-e()v<'r('(l e()pp('r junl 
are conneek'.il to the indiejd.or or pok'niio- 
meter. Wh(U’(^ tlunx' is risk of eontimnna.tioii 
of the elenumt it is advisabk' lo protet't it by 
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enclosing in a hard glass, fusi'd siliiia., or 
ghwiul porei^lain tube. 

For tem(Ka'n.tur('s up to 590*' (1. bard glass 
csapillaries ami sluMilihs can Ixs (‘inploytvl, 
Similarly, fusixl silica is availabk^ for temp('ra- 
turcH U[) to 101)0" (!. for prolongixl fxn'iods. 

A eom[)ae*t typ(' of eovm’ing is sliown in 
'Pi{l, Jk Two silica eapillark^H are fiisiul itilo a 
sheath terminating in a bulb at th<^ bottom. 

Tho wires arc threaded Ihrougli tlu^ end B, 
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which is I.Ihmi Ht'aihMl up wii.li tho jiinciion 
(Mich>M(‘(l iu the I)ull), a,M Hhown. vSinc.o tho 
out.sidc is only about 0 nulliinol.r(\4 

th(‘ (a)upl(^ call b(^ inH<M-i(Hl into a Hinall 
Hpacc. 

Wduui lUMM'HHary tfh<^ tube <^an bo bent with, 
win^ in ,^itii by moaiu' of llu^ oxy-ooal ^jjaw 
bioW“pipc. 

h\)r work a,t (uunpa.rativcdy low tcinporaturoa 
(•ott.on or Hilk inHulaiion in <juil.o natiHfaotory, 
pi’ovi(l(Ml it in ])a.ratlin(Hl or Hliollao-varniahod. 

''J\vin wir(‘H of iron conHiaittan ar(^ obtainable 
with (b(^ ( wo wirt^H Hcparabdy inHulatod and 
(uic,Ioh(h 1 in a. doubh'i c.ovorinp: of cotton or 
Hilk. hi tJiiH form (Jh^ vviroH can bo laid in 
l^roov(‘M n> lew millimet'riss (ha'p. 

(i.) pDtrvlaiii Tuhi^^, - Kor induatrial nao it 
iH ^^('luu'ally iKHicHHary to oncloHO tho tlierino- 
oouph' in a tube of glaz(Ml jioroolain iioini- 
HpluM’Ically eloH(Hl at ono end. ^JHio lioHt 
iUjnnh'H of r('fra(diory porcoluiin have a moltinjjj- 
point above that of platinum, but Hinoo the 
mat,tu'ial in porouH to ^uhoh it cannot bo uh(h 1 
wit-bout a. eoatinji; of ^da/-c, ^Phe tulx^s ani 
then H('rvi('(Md)le to Uibout J‘l(H)‘’(k only. Tho 
t'Orm poiHadjiin <'iunpriH(‘H a. vaibdiy of niatorialH 
from vitriliod poixudaiiiH to hi^dily refractory 
porci'lainH. 

Vdlifitual porc(daiu will not ntand rapid 
eluMi^u^H of t(Mnperatur(>, but can be used 
oontlimoiiHly uji to 11200'’ (t. iSudi tnbcH arc 
uHually ;.?aH-ti^lit without bdnf^ ^jjla/-od, but 
are frefpuMitly gla/.od an an added precaution. 

Ihd’rae.tory poreidain tuboH will ntaml up 
to b(0()"(!., bull prolon}j;ed oxpoHuro cauHos 
UibHorptbai of tbo HofOauHl ^hv/.o into tho body 
of (lie t.ub(‘. 

(ii.) Fiiml Hitiva - buHo<l Hilh'-a tuboH 

can b(' uh(m1 n\) t-o 1000" 0. in an oxidiHing 
abmoHpluu’o fix'o from alkaliH. 

Prolongcsd ('X()OHur('i t^o tiomtieraturoH above 
lOOO 'tt caKHOH dovit-i'ilieation of tho (piart/. : 
trlie ma.((‘rial biHumu^H oryHtalliHed, loa(‘H itn 
nuHilm-nit'al Htrengtii, ami in tluni p(wmeablo 
to gaHi'H, It app(airH that Hiliea ih Hlightly 
permeaihle to hydrogcui at high teniporaturc'H, 
which iH a Hci'iouH drawback, Hince tlu'' prcHcimo 
of hydrogen within tho prohwting tube of a 
platfinum thermoelement roHultK in th<^ rodue- 
tion of Hiliea to Hilieon, which attaoka tho 
platinum. 

'Phe (irimliial advantage of ((tiarty- an a 
tluu'nuxhunent prot*<x’ilon lieH in itw C'xtromely 
low <ioe(lici(mt of thtuunail ('xpannion, whieh 
<uiableH ill to witlmtiiuid viohnit temperature 
(diaugi'H without fi‘n,c.t.ur(\ 

(lii.) Alinidiniu- 'PIiIh in the trade name for 
a tubing (x)m|ioM(al of IuhchI alumina (AlujOj;) 
with lireelay an bimhir, 1he alumina Ih nlirunk 
intio a deiiHe maHH in an eleclne furnace and 
IhtMi ground and made into tuben by the 
addition of a lititle (day. 

The unghv/Aid tubing will ntand 1550'^ (?., 


but iH porouH, e()UH(Miucntly the tubes arc 
fre(]|ii(mtly given a glaze coating and this 
again covered with a layer of alumina. 

This method permits the tubes to bo used 
to tem])cratures exceeding the softening point 
of tho glaze. Tho limiting tcmjicrature of 
tho glazed tuboa appears to bo about the 
same as that of ])or(;olain tubes. 

§ (b) OuTioH PuoTiccTiNd TuBES. — III indus- 
trial installatioiiH fiirtlicr mcdianical jirotcc- 
tion is rc(piir(‘d by the porcelain or ([uartz 
sheath, and for this jmrjioso carborundum, 
graphites and a variety of metallic tubes are 
ciujiloycd. 

(i.) (kvrborundnm. — Oarboriinduni is an 
oloctrio furnace i>rodiict primarily composed 
of (uirbon and silicon. It ia highly refractory 
and possesses many of the jiliysical ])T‘0])ertiGS 
dosirahle in a protecting tube for tho jiorcolain 
sheath. 

When heated in an oxidising atmosphere 
tho oxidisation of the silicon to silica begins at 
1I20(,)" (b At 1500" (I the silica formed on the 
siuhioci of tho tuho fuH(^s and protects the tube 
from further oxidation. Very finely crystalline 
oa,rborundum made into tubing known as 
silfrax ” is extensively used for furnace work. 
(Carborundum tubes are lauuneablo to gases 
and are readily attacked by basic slag. Since 
carborundum reacts at liigh teinperaturos with 
practically all metals it is essential to om])loy 
an inner protecting tube around the thormo- 
couiilc, 

{\i.) (irapUte,—'\i\ reducing atmoH])horos 
graphite tubess form an excellent jiroteetion to 
j)orcxslain and (piartz Hhcailis. They are parti- 
(uilarly iimtul in the caHO of molten aluminium, 
which n^adily attacks porcelain. 

Plumbago' tubes, which arc made of graphite 
and fireclay, will withstand much higher 
tein poraturoH than fireclay alone, and are 
freipiently used in ])ormanont installations. 

(iii.) iron and Htecl^-Tho uho of wrought 
iron or Hteel tubing as nicxihanical protection 
is very c.omniou in the industries. They are 
satisfac-tory uj) to about 000" (i., and tho cost 
of n^placoment is not a serious item, 

(lalorising the surface, which consists in 
impregnating tho sui’fa(^o with aluminium, 
incroases the rosiHtan(.‘.o to oxidation and 
so prolongs tho life of ilio tuho two- or 
tlinuifold. 

(iv.) Nir/ir(mie,—AH a substitute for iron 
and sUxi tubes east nicliromo tubes aro 
us(xl to some extent. [Uwm tiilx^H withstnnd 
oxidation remarkably well, so that tbeir 
grciater cost is more than balanced by their 
longer lile. U)> to tho presemt it has not 
Ixx^n found i)()Hsiblo to draw niebrome into 
tubers, HO (iastings haves to be employed, and 
with those (extreme oaro has to be exorcised 
to avoid lanboles. 

(v.) Molybdenum. ’—UliiB element has a 
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nicltinp:-poiiit of aboui 2500^ (\ ExiHM'unciii.s 
liix VO proved tlvat it cjiu bo <lij)p(‘(l into iuoIUmi 
bniHa, copper, etc., without jitljudaul, 

lioiuio there arc poHBibilitic'H for tiiia material 
when it bcc(jiuos available on a coiumere.ial 
basis. 

(vi.) Zirconia. — thiacd xir<'oiiiia is an exeellotit 
refractory and will probably bo oxteuHively 
used when the diiricultio.s of manufacture have 
been overcome. 

§ (0) h]LlWTIUOAL iNSTJn.VrrON OF TIIF 
WiRRH. — The electrical insulation of the wires 
constituting a thcrnioclemont can bo orfectcHl 
by the use of porcelain or (iroclay capillary 
tubing in the case of platinum thermo- 
couples. 

Base metal couples of heavy wire arc 
soniotimos insulated with hreclay tubing, A 
slight fluxing of the oxitlos with the firoclay 
is noticeable on the oonstantan wire when 
heated to 1000° (1, but the nickel-chromium 
alloys seem to bo free from this trouble. 

The alternative method of insulating base 
motal thermocouples is to om])loy asbestos 
string or tubing painted 'with a solution of 
carborundum, firosand, and sodium silicate 
mixed to a thick paste. When heated above 
600° 0. this insulation raj)idly disintegrates. 
If the iron oloment of a thermocouple is 
protected this way and heated for some time 
to about 1000° C., it will bo found that the 
wire grows to nearly twice its original diameter 
and can bo easily broken by the fingers. In 
fact the iron, asbestos, and carborundum will 
combine cheniioally, and no free iron will bo 
left. Carborundum, of course, attacks metals 
vigorously at high temperatures. 

§ (7) Temperatxjrk Indioators of TIIIO 
Millivoltmeter Type. — The majority of the 
thermocouples used in industrial work are 
equipped with moving coil indicators. The 
instruments are identical in construction with 
milhvoltmetors, while the sciiles are generally 
graduated to read toinporaturcs directly. 

The calibration of sucli an instrument is 
correct so long as the total re.sistmico of the 
circuit remains unalhirod. 

When the indicator lias a l•CHiHtan^!(i of 
from 100 to 500 olims, small variations in tlio 
resistance of the loads or of the ooiiplo are of 
no consequence. 

An idea of the high sensitivity neoOHsary in 
the indicator maybe formed when a comparison 
is made with ordinary voli, motors. With a 
thermocouple outfit it is often dosirahlc to 
have a full soalo deflection for 10 millivolts, 
which is only oiui ton-thousandth of the 
voltage which the swit(di -board instrument 
has to meaflure on a 1 00- volt system. 

In order to obtain a robu.st moving-coil 
system the indiciators to base motal 

c()uj)Ios aouKdirmvs have a n^Hislanco as low as 
2 ohms, and if the couples arc of heavy 


section win^ protoc-.lod from oxidation, tlu^ 
outlils work fairly satiHl’aciorily. 

Rspi^cial ear<^ must Ix^ ta-ki'u wilb sueh 
installations not to cauw', any nlleralion of 
tli(^ total resistaiUH'! of ih(' (ui’cuit. 

It must bo bonui in mind l-hal- llu^ indicMiions 
of such an ouUit will also Ixi alT(X’i(Ml by 
ehangCH of ix'Histaiu'o of ilu’' Icn'kIh oaumxl by 
variations of Uunpia’aluro of llu^ furnaoo 
room. It was obs(wv(xl in llio oaso of a. H -obm 
rosistancu") inditxiior that changes (d t(Mup(M’a- 
turo from 0“ to 55‘’(t along 50 fi. <4 wiring 
from the thermocouple to the insininHUit 
caused the indicator to read 10‘'(> low at 
050° tt Ho apart from di(1ieulU(‘H dm' to 
oxidation and varying (h'pths of irnnuu’sion 
liigh accuracy cannot Ix^ obtaiiu'd with a> low- 
resistance millivoltniotor. With pbilinum 
tbcrmoc()U])l('s the eont of niat('rial 

])rolubits tlu^ use of t.hick win', and it is 
therefore necessary to (unploy bigb-r('slHtiuie(^ 
indieators. 

Millivoltmotors are now obtainable of 500 
ohms rosistancjc, giving a full H(^nhs d('|]('eth)n 
for 40 millivolts, and the indications of smb 
an ontlit can generally be relied u|)on within 
■I' 5° 0. When higlnw. accuracy is (lesirtnl it is 
necessary to use a ])()tcntiomet(w. 

§ (8) Compensation for Varytn<i Cirouit 
Resistanow. — Harrison and hNx>io Imvx^ 
desoribod a sebemu^ of eircuitiS by im'nns 
of which it is possible to arrange that Ifn^ 
total resistance of galvanonud^'r, h'suls, and 
thermoelement is pcnlodically jidjnsU'd t^o a 
fixed value. The principle of tln^ nx'tlnxl 
will be umh'i’stood from Fi(j. 4. Tlu'ix^ is 



Fin. <1, 


an adjustable resistainx^ f,, in serh's with fbo 
moving coil and Hwarnping ix'Misl.'im'e of the 
mtllivoltm(4.(‘r or Omqx'rahun' indi<'!dor. 

On <lepr(wifiga k('y, part/’., of tin' swamping 
r('HiHtanee is sbort-(ui’eiiit('d nod tlx^ n'lnaining 
part togidiuM’ with tlu^ moving coil /■., is 
shunted by the resistamx^ /’i. O'lu' insl-num'nt 
is calibrahxl in t.m'ins of the poti'nfial drop 
across its terminals for a maximum value of 
^eei^'^v ^1'^' construction (In^ n'sistanct's 
are proportiomxl aixmrding f.o Mu' n'hriiou 
V<i’ rc'sistanci' is so adjusfi'd 

that the (k'fh'ctlon of llu' pointer is unohangi'd 
by (lopressing the k('y K it<’an rea,<lily Ix^ provml 
that the total ri'sist-amx^ of th(' circuit is that 
for which the insf.rument is cnlibratixl, the 
sum of and all ('.xU'rnal ri'siHf'niux^ Ix'ing 
thus made eipial to r,. Hence it follows that 
tho instrument measurers the true in 
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Hiiiiplc <ur(^uili, or if connocU'd acroHH a n'Mint- 
or lu^iworlv through wl)i<ih a current llowH 
i(. in<li{!ati(ss tlu^ [)ot,('utiaJ drop wliicb %voukl 
ha.v(^ (winit'd luul ihe InHtrimu’fut not been 
eoiviHM'((‘d. lu thiH rcHpi'ct it funeiumH aa a 
po(i<nd.ioiuet(M’, y(^t it dooH not operate on the 
poleid iometi’ie pritieiple, niuee it (loeH not 
nMpiin^ a Htnndard ('(>11 or an auxiliary battery, 
tb(‘ only k.M.K. (unployed in die adjuHiiuont 
b('in;^ that of the Hourei^ ineaHurod. 

By eonHtnl(^tin,u: tlu^ apparatim ho that the 
raiiio r.t/r.i in eipial to from 5 to 10 it is 
|)oHHible to adjimt with 5 to 1,0 tinioH the 
pr(M‘ision mM‘(‘HHa,ry. OdiiiH if the galvauo- 
imdi'r can Ix' riaid to of a Hi^alo diviHion 
tlu^ line rt'.sixtia.n(!e may be adjuHted vvitli 
a ))r<'ei,Hion ('((uivahuit to of a H(^ale 

diviHion, vvhieh in at least 10 tinies the 
a.e(‘,uraey posHibh^ with an iudicuitioi^ iuHtru- 
nuMit. 'ThiH [irineiiile of luaj^nitieation of 
err<n‘H ^p‘eatly fa.eiIitateH die propcu' adjust- 
m.int of By varyinj^ tlio copper to 

maujL'aniti ratio in i\ it is [lOHHible to produce 
a (a)tnpenHai(Ml iuHtrunumt of / au’o teniperaturc- 
<' 0 (dlleitxit from a millivoltuKder having an 
<^\(*(\sHi v(' eojipi'r eontiudi. 

SiK'h an instrument Hhould Ixh wawie-ealilo 
in thermoeouph' work, d'lm e.omp(UiHated 
millivoHnietor may also be uh<hI in multiple 
iuHtalla-douH of duuMnoeouploH having dilhu’ont 
line n^siKianecH, a.H many reHiMtanot^H IxMug 
mnployixl an tluu’e are eouplcH. ThoKO may 
Ix^ itu^xp<uiHiv(^ rluMiHt.alH, om^ located in (uieh 
line bi'twaam da^ couple and H(d(H5tive switch, 
and Hi ill tihe aiceuracy of adjustnUHit will be 
an high m diough pnaiision tiuMiMtats were 
(unployial. 

§ (0) Boi'IONTIOMlilTiniH KOIt THU MlOAHURK- 
MKNT oic 'riiKUMAO K.M.K.’s. -Hiiuxi the 
<deetromodv(^ foixa^s to he uuMisunxl are of 
millivoll ord(M' the fiodmlionuder has also to 
be Hp<M'ia,lly (h'Higned for tlu^ work. 

With a, low - roHistanei^ potiaitiometer and 
a HiaiHitivi^ moving <X)il galvanometer, it Ih 
poHsible to nuaiHun^ to 1. microvolt with cer- 
tainty, and with gnn^ler pri'caiition meaHuri'- 
numln to Od microvolt arc (lOHHiblo, but rarely 
mxnw^ary. 

dsHiaitially, a fiotcaitiomeUw is a row of 
nssiHtaiUK'H in Horic'H through whieh Hteady 
current is paHwvl. IduH current is kept oon- 
Mta.nt by o(u*n,Mionnlly atljuHting it ho that the 
fall of podmdal through a lixed reHiHlaucc^ 
balances the M.M.B. of a Hiandard (<iadmium) 
cell. 

^riuMi, situHi in a sinifile circuit die fall of 
podnithd is proportional to the resistance, 
any B.M.B. witliin die range of the instru- 
uuaili (xui ho measured by balanoing it 
againsti t lu^ dro[) oviu* die appropriate known 
resislnmun. 

In A’/V/. 5 the rlumstat It is adjusted until 
the (Ulfereiice in poioutial across K is 


bahineed against the B.M.F. of the standard 
cadmium cell () (1*0185 volts*). The E.M.K. 
of the thermocoujilo is balanced on the resist- 
au<‘o r, shown here for simplicity as a uniform 
W'irc. 

The ]>otendometcr can bo made direet- 
reading iti microvolts, by ho conHtructing that 
the fall in jiotontial per ohm rcsistaneo is 
some dolhiito value, for example, I volt jior 



100 ohms, llonco to measure in steps of 
millivolts reipiires subdivision of the resistances 
into 0*1 ohm <!oils. A bridge wire in scries 
(of the same n'Mistance), having a scale divided 
into a hundriul parts, would enable readings 
to be taken to 10 micu'o volts or by estimation 
to % In such a ease the point P could move 
over the studs of the coils, while Q, wamld 
traverse tlio bridge wire. 

Bince ])ot<aitial contacts only arc necessary, 
duu’e is no objection to the use of low resistances 
in the circuits. 

§ (10) BlMlM.n dlROUIT POTRNTrOMJflTWU. — A 
]>ractical form of tlu^ diagram above is shown 
in A’/V/. (i. 

current through tho iiotentionietor is 
adjusted to be ()*0l amp. by halaneing the 
eadmium c<dl B.M.K. 1*0185 volts at 15° 0. 
across 101*85 ohms (circuit shown dotted in 
diagram). 

Th(i working range of the potentiometer 
ctonsists of 100 equal coils arranged in four dials 
of 25 (uuls each. 

dlui n^sistaiHie of ea('h coil is 0*01 ohm, henee 
the total fall of potential across tthe hiindretl 
coils is 10 microvolls, and across each coil 100 
mhrovolts. 

The bridge wirc^ in scries with the (soils is of 
0*01 olun, and the scale is Huhdivid('-d into 
100 parts, (jonscqnontly the value of 1 division 
is 1 mic.ro volt. 

By inserting a plug whicih short-c.iniuits half 
th(^ resistance across whicl) tho standard cell 
is halaticed, the range of the instrument is 
doubled. 

An alternate way of obtaining higlun* ranges 
is to omt)loy two or throe secondary e(dls in 
Htries and balance against 2, 3, or 4 eadmium 

(5oUh. 

^ B.M.'K. of Btaiulard ciulinlum cell at 15‘' 0, « 
1*0185 International voHb, or 1*0183 at 20*" C. 
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§ (11) VeRNIEK 1^'oRMS OV POTEKTromETKllH. 
— Tlic abovo-doscribccl potcntiomotor, whi(^h 
is reprcaontativo of a largo class, has tho dis- 
ad vantage of only permitting steps of equal 
value. Tho decade principle conitnen in P.O. 
resistance boxes is not possible with the simple 
circuit of series coils. 

This difficulty was surmounted in a very 
ingenious manner by Thomson and Vaii(\y in 
their vernier typo of potentiometer, which was 
designed for rosistance and cell comparison 



work. In this typo tho slide wire of tlu' 
ordinary Chuk potentiometer is rcqdae.ed by 
a Hiibclivided resistaiK^e coil, which can bo 
placed in parallel with any two coils in sei'ies 
of tho main eireuit, as sfiown in, AVr/. 7. 

Tho storage battery is (;onn<^(d<Hl through a 
rheostat with a dial eoriHisliug of 101 coils of 
lOOO ohms, each in scirios. A sectond dial of 
100 coils of 126 ohms (Nuffi can b(s pbu^ed in 
])arjdlcl with, any two adjacent (ioils of tho 
main dial by a movable contact-maker. 


Kow, tho elTect of tho sewoud dial as slitinb 
on the two coils of tho main dial is to inakt' 
tho clTectivo resistance lu'twiHMi (Ju^ poinls 
of contact (npud to 1000 ohms, /.c. (hat. of 
tho individual si<q)H. th(‘ fall in 

potential over th<^ ,100 coils in (lu^ nhmil dial 
is tho sa.me ns (hat ov('r a. sinp;h' coil of (lu^ 
main dial, so tlmt (.lie ('(hail, of (lui shniil. dial 
coils is to giv<H 100 int.t'iruualiat.e Nl(q)s l»(q.we(Mi 
any two points on the main dial. 

it will hci obstM'ved (luit (lu’i contact rtasist- 
ances at tho points wln^n^ (ho shunt, dial is 
eoimcctod to tlu^ main dial an^ aHsunu'd (<» Ih^ 
nogligibh^ 

Tho (Irawluick to tho application of (ho 
vernier princi[)l(^ to ihtM'imxkadih^ po(('n(io" 
motors is that tlu^ ('.oils of t.lu' latter lia.v<' 
to bo of low r('siH(.ano(i in onhu' (.0 (d>(ain 
sciiisitivit-y. I h'lKawonla'Ct rosislanci'M l■('<{u^^0l 
o.arofid (dimirniition uIkm) (Jio principle is 
applied to low-iassistiama^ potemt ionudera. 

lla,rk(M* (lOOd) (h'scrilaal n simple form of 
vorui<M’ pottmtiomotcr in whicli tho sooond 
dial a.bov(^ rt'b'rrtal to was r<‘ph'n'(al by ii plain 
l)ridg(' wirt^. 

^riic (a)iui(adaoiis atv shown ifi Fi)f, H. 'I’lio 
standard (X'll is balanced a<'rofis 101 *85 ohms, 
lu'ncc' l-h(^ ournait is (1*01 amp. 

^rin^ 20 ('oils All ('aoh havt' a roaistanoi^ of 
0*1 olun, HO (.had. tho [»o(iontial di'iqi [lor coil 
is I inillivoll. or 1000 microvolts. Mach of tlu^ 
1 1 (‘oils in tlu' row CD baa a naiislanco of 0*01 
oluu, <‘,onH(‘(|U(*tdly tho potfmtial <linor('noo 
per noil is 100 ndorovoltH. Tlu^ bridg<' wire 
can bo ])laeod in parallel with any two 
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coils CD, and is 0*02 ohm in resistance. The 
scale is subdivided into 100 parts, each of 
which corresponds to 1 microvolt. All con- 
tacts to the coils AB and CD are made by- 
means of mercury cups. Manganin bars are 
laid alongside the cups and drilled with a 
corresponding series of holes, so that the 



connection at any point may be effected by a 
n -shaped copper bar. 

Tinsley has devised a form of vernier 
potentiometer in which the slide wire is 
replaced by a dial with 100 stud contacts, 
between each of which there is a resistance 
of one-thousandth of an ohm. The potentio- 
meter consists essentially of 1 main dial of 
20 coils of 10 ohm. each, across which is 
inserted the shunt dial, consisting of 100 coils 
of 0-2 ohms each, see Fig. 9. • This dial is 
arranged so that it is always shunted across 
two coils of the main dial in the usual manner. 
Thus with a current of one milliampere through 


777*00 Ohms 



the circuit the main dial reads *01 volt per stud- 
Tho vernier dial reads -0001 volt per stud, 
whilst tho fine adjustment dial reads *000001 
or 1 microvolt per step. Hence the range 
of the potentiometer lies between T901 volt 
and 1 microvolt. A range of 10 times this value 
is obtained by moving the plug from B to A. 
The current through the potentiometer is set 
by balancing a cadmium standard cell against 
101*85 ohms on the dials and -with the plug in 


position A. When the plug is placed in the B 
current through the potentiometer is reduced 
to one -tenth its original value, whilst the 
total resistance in the battery circuit remains 
unaltered. 

The design would be improved if the 
standard cadmium cell was balanced against a 
separate resistance, as then the adjustments of 
the dials would not have to be altered when it 
was desired to check the current in the circuit. 

Mr. R. Paul has also designed a vernier 
potentiometer with two ranges ; on the lower 
range E.M.F.’s from 1 microvolt to 17 milli- 
volts can be measured, while the second range 
is 10 times that of the lower. 

Fig. 10 shows the connections diagrammatic - 
ally : in the actual instrument the coils are 
carried on a series of drums set alongside each 
other. The standard cell is balanced by 



varying X ^ with tho plug inserted in A, the 
position corresponding to the higher range. 
It will be seen that the values of the various 
resistances are so adjusted that the effect of 
transferring the plug from A to B is to reduce 
the E.M.F. on the working portion of the 
potentiometer to one-tenth the original value, 
while leaving the resistance of the complete 
circuit in series with the storage ceU un- 
changed. The plug in the position B gives the 
lower range. 

The current through the potentiometer coils 
Ls 0*001 amp. for the higher range, and 0-0001 
amp. for the lower range. The high resistance 
of -this potentiometer necessitates the use of a 
galvanometer of high resistance (of the order 
of 1000 ohms) and high sensitivity. In fact, 
for working on the lower range the best class 
of moving coil galvanometer is required. Also 
attention must be paid to the elimination of 

* The adjustable resistance X brings the potentio- 
meter resistance up to 1850 ohms when the E.M.F, 
of the storage cell is 1*85 volt. 
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coatact rosiHiaucos at tlio double btualu'8 of 
the shunt dials. 

§ (12) Wmo-ayr oif (\)Nta(!T Hmhi.stanok on Tmom- 
SON Vahlisv tSuUNT. — yinco tho Hlutut dial of tlu^ 
ThoniHoii Varloy arran^^o- 
incut iH connoc.tod to tJu^ 
main cirouil. by two movable 
coiitaol'H it in m'coHHary to 
ooiisidoi’ tlic (‘llVot on the 
i'oadiujj;.s of contact n^Hist- 
aiioo all these swihdies. 

Takinpf the obMuoniary 
circuit shown in AV^/. 1 1, 
and assuming the steps in 
the main circuit to be one 
ohm each and the shunt cir- 
cuit two ohms divided itiio 
any number of steps, then 
if c is the current in the batieny circuit, wli<m tliere 
is no co7i{act rmalancc the curr(mt in the shunt is c/^. 

If the rosistanoe botweem A aiul N be 2/m tlu'i 
potential difrcrouco between A and N Is c/2 x 2 /m ' -‘^c/a. 
Let us su])poso now that there is a conkict ro.- 
aislance of rufxgmiuda r at A. The rc'sistanoc of the 
main circuit botwoon A and B is still 2 ohms whilst 
that of the shunt circuit is 2 \-r. Assuming tlu^ 
current in the battery circuit unaltered, then tlio 
current between A and B in the main circuit is 
c{(2-l'r)/(4-f r)}, and the current botweoa A and B 
in the shunt circuit is ox2/(4-H»')» which may bo 


close to A, tb(‘ resistaiuK' b<'(i\ve('ri A and N is Hinall, 
i.v, n is la-rge, iuMua' (h(M'rn»r woiild be er/d. Wis'ii 
the point N ih <iI<)N(’i (o B the nauHlanei' between A 
and N is praeluailly 2, so tlu^ (M'nu* would be cr/'i. 
Wlum tIxM’i' is a coniad resustatm', r at /» tlx' eurrent 
in th(' shunt circuit an b<‘ft»r(' is 

.:)■ 

The potential dilT(M*('uee b(d.vve(Mi A and M la 

:(■ :); "0 :)■ , 

So the error will Uo. which hart its gr('a<<nit 

value wlum th(' eontn,et N is lU'a.r B (/.e. n I), (Ix'n 
the ('iTor is rr/'t. 

hVom tlu' nbovi^ it will be Siam iliat whim the 
contact resistance is at A the error produeed varies 
from imo-half to one-ipuirter that' whieh would bo 
caused by th<> sarnie resistanee In the main I’inmiti. 
When the contact resistanee is at- B the error pro- 
duced is less, and alTects the observations in thi^ 
opposite dinaitiou. 

§ (12) dhllfl lUlhSHATIl, WlBTM, DlKHMKldlOUH'P 
Typk PoTKNTroMBTMR. - Tlim potcntionudcr 
has boon dcHif^ruHl with tv vunv to ibt^ rc'dmdaon 
of tbernuKdectrie (vtTeetH at brush coiittU’tH to 
a minimum. I’ho potontioineterH proviounly 
dosmiliod have boon serh^H arrangtummtH, tlitvt 
ia, the potential difforonoo which balanooB tho 




approximately expressed as c(l-f/4)/2 if r is small. 
Then potential dilhireuce hetwiuui A and K is 


Jlimoo tho error is 

c r fir /, 1, \ 

% 2^^^ ^^‘ 2 ' \ ’^2/4/ 

since the r‘^ ti'rm is ui'gllgible. 

bfow in the ease when tho point of oontaot N is 


'M.M. h\ of tlu^ t'hiUMnoeleinerd. in tlu^ huju of 
the potential dinenmeeH (^xistiiig bclavetm tlie 
terminalH of vuriouH /a’oiipM of eoilH of vvlueli 
the (dreuit is eornpoHed. lii this poteidioineltu’ 
a divided circuit talu's the plnnis of coils iti 
HoricH, In which cjvhi^ the potent isl dillercnee 
for balancing ilu^ thenmxdtmumt is dtu^ to tlie 
dilbu’ciKu^ of thc) potimlial <lrops n,lon; 4 : the 
two braiKdies nnsiHurisI from the point where 
tlie eurnuit entc'CH the poteiit'ionH'ter <dr«niit. 
AVf/. 12 Nhowsdiagrammatuudly the contumtions 
of tho circuitd. 
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The potentiometer current is adjusted to 
•01 amp. when the last dial is to read in 
microvolt steps, and generally provision is 
made for working vith a current of one-tenth 
this amount if desired. The current enters 
the potentiometer at Tj and leaves at T^'. On 
entering it divides into the two branches, 
the resistances of which are so arranged 
that ten-elevenths of the total current flows 
to the left and one-eleventh to the right, 
and the design is such that these relative 
values are maintained for all positions of the 
switches. 

Each coil in the decade I. and in the group 
of compensating coils I', has a resistance of 
1 ohm, the coil contacts are arranged on the 
circumference of a circle, and the sliding 
brushes Tj and Tj' are so linked that if Tj is 
sliifted to the right, Tj' is shifted an equal 
number of coils to the left. The resistances 
of both paths between the terminals Tj and 
Tj' are thus kept constant. 

As all the coils in decades II. and III. and all 
the compensating coils in IT', and III', are 
alilce, the resistances of both the left-hand 
and the right-hand branches of the circuit are 
independent of the positions of Tjj and Tjjj. 
The coils are grouped in dials so that the single 
nrovement of the brush contacts suffices to 
bring in the coil and its com})cnsator. The 
resistances of the coils are 0*11 ohm each. 
The grou]) of coils IV. consists of a 1-ohm coil 
{i.e. the 1-ohm coil between - 1 and 0 of 
decade T.), shunted by a variable resistance 
which consists of a fixed portion 81 -04 ohm 
and a varuible part included between - 1 and 
the position of the sliding contact. The coils 
in the variable portion of IV. are : 


between 

Ohms. 1 

between 

Ohms. 

- 1 and 0 

8*204 ! 

4 and 5 

30*30 

0 and 1 

lOdOl , 

5 and 0 

45-41 

1 and 2 

12 •020 1 

6 and 7 

75*80 

2 and 3 

16-234 

7 and 8 

151-51 

3 and 4 

21-645 

8 and 9 

454-54 



0 and 10 

00 


In the group IV'. the order is reversed, for 
example, the resistance coil of 8*264 ohms is 
between contacts 9 and 10 instead of between 
- 1 and 0. The resistances are given these 
particular values in order that, when the con- 
tact in IV. is moved one step, the resistance 
between Tj and I’jj may always be altered by 
a definite amount, 0*0011 ohm, which is 
of the alteration which would bo obtained by 
mt)ving Tjj one number. For instance, if the 
decade contact is on number 4, the resistance 
of group IV. is 


Rjv- 


1 X 150*51 
1+ 156-51 


=--0-99342. 


When it is on number 5, this becomes 


180-81 


= 0-99452. 


The difference of these tw^o values is 0*0011 
ohm, while the value of a single step in II. is 
0-11 ohm. 

The minimum value of Rjy is 

T. lx 89-904 ^ 

- 1 89-904 ~ 
so the general value is 


Riv=0-9890 -{-0-0011 xTijy, 

where /ijy is the number of the contact on 
dial IV. 

Similarly, the general value of Rj^/ is 

Rjy/ = 0-9989- 0-0011 x?2jy.. 

In decade V. the coil of 8*264 ohms is 
between contacts 9 and 10 : in the group 
of compensating coils V'. it is between - 1 and 
0, so in general 


R^ = 0•9989-0-0011?^y, 
Rj,, = 0-9890 -{- 0-001 l?iy/. 


The coils h. r, d have such values that, taken 
in conjunction with the other resistances, they 
divide the current flowing in at Tj in the 
ratio 10 to 1. The resistance of h is 0*11089. 

The voltage between Tjj and Tjjj is the 
difference of the ohmic drops measured from 
Tj, so for any setting 

(1) P.D.=^xJ[?!jx1-i-0-9890-I-0-0011?1i7 

-I- 0-11089 -1-0-11(5111 -f-l)] 

- i X J[(10 - 7W)1 -1-0-9989 - O-OOllM 
- 1 - 0 - 11(10 


* T ( ^111 ’^iv \ 

- ^ Id iw -1- 1^ ■!- iMoo) ’ 

where J is the current in the potentiometer 
circuit. 

Therefore, when the dials are properly gradu- 
ated, the unknown R.D. is measured by the 
sum of the dial readings in the customary 
manner. 

A study of the network shows that if the 
battery circuit is open the resistance between 
the galvanometer terminals ( 4- X and - X) is, 
to a good degree of approximation, 14*35 ohms, 
and when the battery circuit is closed through 
a series resistance B, which is external to the 
potentiometer, the resistance becomes, using 
a second approximation. 


14-35- 


B-{-R^ 


•where R is the resistance of the potentiometer 
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between and T/ with tbo galvauomot(^r 
cirenit open. 

The rcsiatanco of the riglit-liand path be- 
tween Tj and ly ih 990 ohtnw: that of the 
left-hand path 99 ohmrt : the reniatanco of the 
whole aj)])aratuB ia therefore R~"90 ohma. 

If a atorat<:o eoll in iiHod and the potentio- 
meter current in 0-001 amp., R-t II nunst b(^ 
ap])roximateIy 2000 ohniB : therefore, the 
maximum variation in the roaintanco of tlio 
galvanometer circuit will bo only 0*05 ohm, or 
about 0-3 per cent, hor a current of *01 
amp. the variation will bo 3 ■{)cr cent. This 
approximate constancy of the resiatanco allows 
one to obtain the last iigure in the T. 1). under 
measurement, by the deflection method, tlio 
reading of the last decade, n^, ])eing k(^j>t at 
zero. By properly sotting uj) the jip()aratuH, 
the full reading of the last dceadci, wv"10, 
may be made to correspond to 1, 10, or 100 
divisions on the galvanometer scale, and the 
necessity for exact balancing may bo thim 
obviated. Wlicro the P.T). to ho measured is 
fluctuating slightly, this is a decided advan- 
tage. 

Another advantage if a moving coil gal- 1 
vanometer is used is that the damping remains 
constant, irrespective of the sotting of the 
potentiometer. 

§ (14) Effect of Tkkemo electromotive Forces. 
— ^The magnitude of the E.M.F. sot up hy inani- 
I puliiting any switoh is leas than, one 

1 j microvolt. 

r Any E.M..F.’fl arising from manipu- 

lating I. and I . ar<^ added to (he 
battery E.M.F. (2 volts) and will 
bo negligil)Io. The (dTeot of a 
thermoelectromotive force of magni- 
T tudo € duo to moving contact II, 

'pJ will bo v<‘ry small. 

Referring to Fi(j. 13 by KirchhoIfM 

FiU. 13. laws tho current in tli(i l(Tt-liand 

branch, if J is tho totfil battery 
current coming to tJie potentiometor, is 

j l(/^-M)-|-r 

and in the right-hand branch 

T I 

TIienTore, the oliango in thei ,IM), hcitwocn the 
terminals (-X and — X duci to T e will 1)0 

'} f(y-h<V 

ad-/M 7d 5' 

The maximum value of 7 and 0 is 14-42 ohms and tho 
value of a-|-/:i hy 1(5 is I08f) ohms, so 


a-h/i-l y~l 5 


'( >, 0-0 1 3 , 


therefore tbo error introduced is only 1-3 percent 
of r. 


Similar oonHidoratious sliow that (he <'iTor iu(,ro- 
due.ed hy manipulating I\h and V. is otdy about 
1-2 p<‘r ecTit of (. 'PIu-HiM'rrors liaving b('(‘n l•('(hu■(Hl 
to ju'gligible amonu(.M, tlu'i n.pparal.UH is said (o be 
free from thermoeh'(‘,tromoiiv(‘ I’orcuu 

It (sail also b(^ sbown tliat <‘on(.ae(i reHiH(ntie('H of 
the brushes (udy i)r<)due(' lugiigibh' (mtoiu 3'Ium 
contact ivsistanci's at and ly au'ndy add on (o 
tho total r('siHl.ance in the badery eireuit, whib^ uneh 
resis(.atU!(iH in (he (b'catb^s IV., IV^'., V., and \’h a.u^ 
obviously Ic'Hh imj)or(mit than in tlu\ eas(' of (h-tnub's 
H. and III. Of tiic'se H. is tlu^ morc^ importaidi 
aince it is the low-ri'MislaiuK^ arm 1)9 ohtns ns eoin- 
parc^l with tlm otiu'r arm 990 olims. A good brush 
iuis a resislaime of tlu^ onhw of 2>, 10' ’*■ olim, and If 
this resis(nnce is assuaKsl a,t II. tlu^ currmit iJropor- 
tion in tlu’i two arms insic-ad of Ixung /,) will b(^ 

(1 I 2'-: lO"'')* Using (h(MMp»a(ion (l)a))ovo it (am 
easily be shown that tlu' (M'ror in tlu'i I'lM.E. value 
is 2-2 X 10 or 0-022 of oiu^ stt'p of (ilie Humlb'sl' diah 
Tlu’i contact u'HiHtaiuje in 11. would hav(' to bci as 
great as ohm to make a dilT(‘r{MuuM>f one Ht<'|) 
on the smalh^Ht dial. 

Nearly J20 n'HislaneeH are nupunul in tiu' (U)n- 
atruotion of the poteuti()m(4.er descrilual above, and 
soim^ of them r(H|uire very accurali'i adjustaumli. 
Tims the 1-ohm coils of decade 1. should l)e eoruudi 
to one part In 50,(100 at tho vewy h’last. I'lie coils 
I', and if. should not depart hy more than -j : 
for the coils IT. and 111. ■i® ample and for 

tho rest j 

§ (15) Defleotiok Potto NTT oMi'iT MRS. - A 
typo of instrument, which oecnipic^H 11 posiUon 
intormodiate Ixd.wc’Km tint null poloni ioiiudcu’ 
on tho one luind and ( lu^ moving (!oil (hdhuilion 
instnimont on tlu’i otJuM' hand, is tilu’i poriiubh^ 
(lelh'etiion pot(m('iom<dxM\ 

In one of this (da.HS of inH(-run\(m(>H (lu^ 
thormad M.M.M is balaiuuul to i.lu^ in’'ju'<^H(( 
two millivolts and (ho (hdhuddon of (Ju' poinltu’ 
ohsorvcul. gal vnnoin('((M’ luiH a (’(mla’aJ 

zero, and 10 seah’s divisions <u)iT('HpoiHl to 
one TTiillivolt. 

To maiidiaiii a c.onstunl/ Honsil.iviiy of llui 
in(li<sator for all pot(mtionudi('r r(‘n(lingH, it is 
iuH*.oHsn.ry to Ioh^) tlu'i (ola.l n'Mislnneci in tlu’i 
galvanomoter (’iir'e(dl» to a. e.onHluTil. valius This 
is (dtecihMl l)y a.rninglng tluit tlu^ switeli on 
tlu^ , millivolt. stiulH also en(s onli from (lui 
galvanomcitor eireuit a r<*HiH(une<’' e((nivah'n(i 
to that addl'd in the poh'ntionu'l.er eirenil,. 

.H(T<UTing badv to F/}/, 5, h'l. 

(J bo tius (’(^Histanec^ of lb«' gn,lva.uom<'t('r and 
tha(. of II H(u'i('H rosistmuK'. 

T 1)0 tlu^ rosisl'aniu' of tlu^ l.lu'rmotdi'numf.. 

r th<^ iH'Histaniu^ in tlu^ po(.<'ntioJtU'|,er eirenilr, 
across wlu'ch tlu^ ilu'rmal M.M.M is 
balaiuuul. 

Z I r in (lu^ total n^Histaiico of (ho main 
circuit of tho poU'iit iouu't('r. 

Lot Ac be tlu^ residual imbahuiccd K.M.K, 
of tho th(wmo('l(Mnoat which prodmu's the 
galvanonioicr dt'tloetlou. Now, tho (h'lh'ction 
of tho galvaut)mot,(M’ is projuii’lional (ro (he 
curront through it, and to oi)taia tlu' mngni- 
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tude of this current we require the total re- 
sistance in the circuit P to Q. 

The resistance between the points P and 
Q is that of the resistance r shunted by the 
main circuit of the potentiometer outside these 
points, viz. Z. 

Hence the effective resistance is rZ/(r+Z); 
so the deflection of the galvanometer is pro- 
portional to 

Ae 

{rZ/(r+Z)j-hT + G‘ 

For the small E.M.F. generated by the 
couple f is small compared mth Z. Hence r in 
the denominator of rZI{r+Z) may bo neglected. 
So the deflection is proportional to e/(r-|- T i- G). 
From this it follows that to obtain deflections 
proportional t<3 e and independent of r it is 
necessary to diminish the resistance in series 
■with the galvanometer by an amount r, and 
this can be automatically effected by a simple 
brush arrangement. 

Portable potentiometers are also made work- 
ing on the “null ” principle, and with a sensitive 
pivoted galvanometer it is possible to read to 
within 10 microvolts. 

§(!()) Recorpikg Pyrometers. — I n manu- 
facturing jji'ocesses where it is desirable to 
keep a continuous record of the temperature 
of the furnace, it is either necessar^r to fill 
up charts at periodic intervals, or arrange 
that the instrument gives a permanent record. 
Frequently when a recording indicator is in- 
stalled, a direct reading indicator is situated 
near the furnace to aid the operator, both being 
connected to the same thermoelement. The 
fundamental feature necessary in such recorders 
is reliability, and this has only obtained after 
lengthy cx})eriments, in which many practical 
difficulties had to be surmounted. The usual 
form of record desired is that in which tem- 
perature appeals as one co-ordinate, and time 
as the other. Recorders may be divided into 
two dasses ; tlio one operating on the same 
principle as a deflection galvanometer, and 
the otlier as a potentiometer. The second class 
of recorders, whicli belong to the category of 
“ null ” instruments, arc considerably more 
comi)licated than the first, hut they have the 
advantage that variations in the resistance of 
the circuit are of no importance. 

§ (17) Deflection Instruments. — It has 
not been found practicable to construct a re- 
cording millivoltmeter operating a pen in con- 
tact with the paper, as in the case of the 
ordinary switchboard voltmeter. The forces 
are so much smaller that the friction between 
pen an<l i)aper would introduce serious errors. 
Hence the usual practice is to employ an 
arrangement which periodically depresses a 
pointer into contact with a chart. 

(i.) Methods of marlcinrj the Chart . — ^The 
earliest successful mechanism was the “ chopper 
bar,” which is now widely used. In this record- 


ing arrangement the paper is unwound by 
clockwork at a uniform speed from the roll. 
An inked ribbon lies on the metal table beneath 
the paper. At periodic intervals of 10 to 30 
seconds the choi>per bar falls, pressing a point 
on the end of the galvanometer boom into 
contact with the paper and against the ribbon 
and plate underneath. This produces a small 
dot on the under side of the thin paper which 
shows through. The record obtained is a 
series of dots. 

A modification of this device is shown in 
Fig. l-i. In this an inked thread is stretched 
between the pointer and the paper. At 
periodic intervals the pointer is depressed and 
strikes the thread against the paper, so pro- 
ducing a dot. The thread is slowly carried’ 
around inked rollers, so as to expose fresh 
portions to the pointer and to replenish the 
ink. 

The above recorders are usually operated 
by powerful clockwork mechanism, but small 

Coil 



electric motors are also employed for this 
purpose. This is a considerable advantage 
when it is desired to work switches in a 
multiple unit installation with one recorder. 

The usual plan is to provide the motor vith 
a centrifugal governor, which keeps the speed 
constant within narrow limits. The motor 
tends to run too fast, this tendency being 
controlled by the governor, which, flying out, 
closes a shunt circuit across the armature. 

Power is transmitted from the motor to the 
recording mechanism through a reducing worm 
gear. 

A diagrammatic view of a recording mech- 
anism in w^hich a typewriter ribbon is employed 
instead of an inked thread is shown in Fig. 15. 

A shaft will be observed canning the two 
cams, this shaft being driven by the governed 
motor. The left-hand or front cam causes a 
light frame to be intermittently lifted and 
then dropped upon the pointer, below which 
is a typewriter ribbon ; under the ribbon lies 
a fixed bar having a narrow straight edge, 
over which the chart is continuously driven. 
The intersection of the pointer and straight 
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edge represents the point at wliich the mark 
is made. A swinging frame canies the ribbon 
bobbins, and the ribbon is fed intermittently 
from the left-hand to the right-hand bobbin 
at a very slow rate, so as to present always a 
fresh surface of ribbon for use. The swinging 
frame is actuated from the right-hand or near 
cam, and the ribbon feed is driven from a 
racket and worm wheel. ‘ The to - and - fro 
movement of the swinging frame serves also 
another purpose, since when two records or 



more are to be made on one chart the type- 
writer ribbon has two colours ; in the case, 
for example, of the two records a two-way 
switch is added to the mechanism, so that 
when the switch is on one couple the record 
is in black, and when on the other couple in 
red. 

An alternate arrangement for recording is 
to have an inked roller at the side of the 
chart, and a mechanical device which deflects 
the pointer so that its tip strikes the pad at 
intervals. It then swings back and attains 
its equilibrium position over the scale, and 
the chopper bar comes down in the usual 
manner. The inked roller rotates slowly on 
its axis so as to expose a fresh surface to the 
pointer. 

A totally different recording arrangement is 
employed in some instruments. With these 
the pointer is not periodically depressed, but 
swings free wdth its tip close to the record. At 
half- minute intervals an electric spark passes 
from the pointer to the chart', puncturing the 
paper. The record is a series of holes mth 
seared edges, which are easily seen. There is 
a tendency of the spark to jump at an angle, 
causing a sHght error, which, however, is not 
serious. 

§ (18) ReCORDIKG POTEITTIOMETER. — The 
first instrument to work on the “ null prin- 
ciple ” was the Callendar Recorder. This was 
origiaally designed, about twenty -five years 
ago, for use with, recording resistance thermo- 
meters, and is practically an automatic Wheat- 
stone’s bridge, but the same mechanical devices 
will operate a recording potentiometer. A 
description of this recorder will be found in 
the section on Resistance Thermometry. In 
recent years the Leeds & Northrup Co. of 
Philadelphia have developed a potentiometer 


recorder which is used extensively in America. 
In this instrument a number of thermocouples 
can also be recorded on the same chart, a 
print wheel being then used in place of a pen 
and the couples switched in by an automatic 
commutator. The essential part of the re- 
corder is the mechanical device for auto- 
matically moving the slide-wire contact, and 
moving the pen across the chart {Fig, 16). 
The mechanism of this device may be briefly 
described as follows : 

The essential point, of course, is that the 
deflection of a galvanometer results in a 
movement of the slide-wire contact maker and 
pen without requiring the galvanometer to do 
any work. 

The disc A is moimted on a shaft and 
operates the slide-wire contact by a cord 
wound on its circumference, visible in Fig. 16. 
The power, supplied by a small continuously 
running electric motor, enters the mechanical 
system through the shaft B carrying the 
large cams C and the small cams D and E. 
At each revolution of the shaft B, the cams 
C straighten out the arm F, which perchance 
has been tilted a moment before, and in 
doing this rotates the disc A, arm F being 
pressed at this time against the disc A by the 



spring G-. The arm F is pivoted on the 
spring G, which is fast to the frame of the 
instrument. When the cams C have rotated 
until their longest radii are passing the 
extensions of arm F, the cam E begins to 
raise G, lifting F away from the disc. When 
F is free the cam I) raises the rocker-arm H, 
which, in case the galvanometer is unbalanced, 
catches the pointer under one of the right- 
angle levers J pivoted at K. One lever is 
thus made to swing the arm F by pressing 
against one of the eccentrically located lugs L. 
The rocker-arm H is then immediately lowered 
to allow the galvanometer to swing freely. 
Cam E is so shaped and fixed on the shaft B 
that it will recede from the spring G, allowing 
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G to press F against the disc just before the 
cams G begin once more to straighten F. 

This mechanism, in its cycle of operations, 
moves the contact on the slide wire whenever 
the potentiometer is out of balance with the 
thermocouple, and in so doing operates to 
obtain or restore the balance. The shaft B 
rotates once in about 2 seconds, which is slow 
enough to allow the galvanometer time to 
come to rest or nearly so. This design is 
such that the amount of rotation of the 
arm F increases vdth the extent of the 
galvanometer deflection, since the pointer 
approaches the fulcrum of the levers J as the 
deflection increases. The motion of H is 
adjusted so that the rotation of F will cor- 
respond to a rebalancing step of the pen, of 
3 inch (19 mm.) when the deflection is a 
maximum, and decreases uniformly to about 
7 ^ inch when the deflection is just sufficient 
to catch the boom under one of the right- 
angle levers. This gives sufficient rapidity 
of the various actions to take the pen the 
width of the scale in somewhat leas than 
1 minute. A record is made once a minute on 
the multiple-point recorders of standard design. 
The position of the pen, when a balance has 
been obtained just before each record, corre- 
sponds to a definite point on the slide wdre, 
for the pen is fixed to the sHde-wire contact. 

Once during a revolution of the commutator, 
the thermocouple is disconnected and the 
standard-cell connection made. At the same 
time the potentiometer slide wire is let loose 
from its shaft and the clutch engages a 
second resistance. Movements of the disc 
then result in changing the resistance of the 
battery circuit and the current is thus set to 
its proper value. The pen does not follow 
this adjustment and no record is made of 
variations in the current. With batteries in 
fair condition, the current is easily maintained 
constant ; but if there arises any doubt of 
this constancy, the recorder may be watched 
for a few' minutes and, when the? standard-cell 
is made, the first deflection of the galvanometer 
is an indication of the change in the current 
since the last adjustment. A short-circuiting 
(jontact on the slide wire carries the pen to 
zero on the chart when the battery has run 
dowm, thus providing ample warning under 
most circumstances. 

■■Tho scale of this recorder is uniform when 
graduated in millivolts, and departs from 
uniformity for a temperature graduation 
according to the temperature electromotive 
force reflation of the thermocouple. The 
standard galvanometer is sufficiently sensitive 
to work satisfactorily with a full-scale range 
of 10 millivolts, which gives a very open 
scale, particulaifly for base - metal couples, 
when inch (2*5 mm.) of scale corresponds 
to CJ. 


§ (19) Cold Junction Correction. — For 
accurate work the cold junctions should be 
maintained at 0° C. by inserting the junctions 
with the copper leads into two tubes standing 
in ice. 

The recent development of the “ all steel ” 
Dewar vacuum vessel is hkeiy to remove many 
of the troubles encountered wdth varying cold 
junction temperatures. 

When these vacuum vessels are employed 
the platinum-rhodium thermoelement is made 
wdth leads sufficiently long to reach from the 
couple down into the steel bottle and connec- 
tions made from this point by means of copper 
leads. In the vicinity of a hot furnace the 
bottles wall preserve crushed ice for periods 
up to twenty-four hours, but it is advisable 
to use tubes of low' thermal conductivity for 
protecting the junctions in the ice, otherwise 
the heat conduction along the tube melts it 
rapidly. 

If it is not feasible to have the cold junc- 
tion at 0° a correction must be apphed. This 
cold junction correction in general is not 
equal to the temperature of the cold junction, 
but depends on the temperatures of both hot 
and cold junctions. 

(а) If the temperature of the cold junction 
is determined by the aid of a mercury 
thermometer, then the E.M.F. correspond- 
ing to this temperature is to be added 
directly to the observed E.M.F. of the hot 
junction. 

(б) With a pyrometer provided with a 
direct reading instrument this correction may 
be accomplished mechanically by changing the 
zero of the instrument so that w'hen short- 
circuited it indicates the temperature of the 
cold junction. An alternate plan which is 
convenient when it is desirable not to alter 
the zero of the indicator is to correct the 
observed reading as follows : 

When the cold junction is at a tempera- 
ture of (io) the true temperature may be 
obtained by adding to the observed tempera- 
ture («i) the quantity obtained by multiplying 
the value of the temperature of the cold 
junction (ig) by a factor which is the ratio 
of the slopes of the calibration curve (E.M.F. 
against temperature) at the origin and at the 
temperature {t^) ; or putting it into symbols : 

{deldt)o^to30° ^ j. 

Correotion=-^^^— 

(c) The third method of fixing the cold 
junction correction is a graphical one. By 
means of a series of curves such as those 
shown in Fiff, 17, the correction may he deter- 
mined by inspection. In this diagram the 
number of degrees to be added to the hot 
junction temperature are plotted as ordinates 
and the cold junction temperature as abscissae. 

I In the diagram curves are drawn for several 
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tomporatureH (unoorrcotod) of the hot junotiou, 
botwoon 4()(r and 1700" 0. 

In iuduHtriiil iuHtallationa it ih ineonvcuieiit 
to have to apply cold junction (5orr(‘,otionH or 
to adjust the zero of tho indn^ator, and a 
variety of devices have been evolved to 



Tempsrature of Fixod-junction, Dagrooa Contigrado 

Fig. 17. 

minimise the trouble to variations of cold 
junction temperature. 

It is now customary to remove tho cold 
junction from tho head of tho pyrometer, 
which may vary a hundred degroos or ho if 
near the furnace wall, to a distant point by 
means of compensating leads. 

§ (20) Compensating Leads. — For hasc- 
metal couples those load wires are of the same 
materials as those employed in tho couple, 
small-stranded wires being used for Ilexibility. 
Thus the cold junction is transferred to a 
point where tho tomporaturc is reasonably 
constant, and from this point copper wir<‘S lead 
to the indicator. The competiHating wires 
may terminate in a cold junction box litt<Hl 
with a thermostat, or may be buried under- 
ground. At a depth of 10 feet beneath tho floor 
of a largo building, the temperature remains 
constant to within 2" C. throughout tlie year ; 
usually this mean tomporaiure is about 12'' (!. 
for temperate climates, I>ut may difter some- 
what in tho immediate vicinity of a large 
furnace. To apply this method of control, an 
iron pipe of tho proper huigth, e-losod at fhe 
bottom, is driven into the ground, a.tid tlu^ 
two cold junc-tions, well soldered and ean^- 
fully insulated, arc throa<led to the bottom of 
tho ])ipo in such manner as to bo conveniently 
romovablo when luxHwsary. I'he top of fhe 
l)ipe may bo plugged with jisbc^stos or waste, 
and covered witfi pit(‘rh to keep wabw away 
from the insulation. The scale of the indicator 
is set to read the moan temperature of the 
bottom of tho tube. It is ('.onveinhuit to 
have an extra pair of compensating hMids or 
an extra thermocouple with its junction at 
the bottom of tho pi])e, to incaHurc thiH 
tomperaturn ocuiasionally. A disadvantage of 
tlio buried pipe is that the moisture or wupler 
may accumulate in the pipe. When this 
occurs it generally giv<^H rise to galvanic 


(dTects whieh rc'sult in givntcu’ (UTor than fhosc^ 
eause<l by (•.hang<'s of juiK’tiou (om[)era- 
turc. vSo the thermostat box arrang(‘nuMdp is 
preferable when possibhx 

Usually tho eomp(Misal iiig loads of a bawv 
metal eouple ari’i marked, or ar(' (‘(|uipp(Ml with 
one-way terminals, so (hat Huy are (msily 
oonneoted properly to tlu' head of lh<‘ couph'. 
If nwerscid at ilu’i ooiiplo, (lu^ hauls will (auise 
an error double tho amount ttf the (M>mp(‘nsa.- 
tion. WiuHi eomjumsaiing kuids of a bapSt^- 
m<d.al couple are |)rop('rly ooiuu'oit'd (o (lu^ 
c.ouple no dctloctiou of (.lu^ iiuli(ad.or is n'gis- 
tered by luxating the lu^ad of tlu' couph*. 

The high cost of platinum prevmits (phe uh(^ 
of eoihpensatiug leads of that nudal, hut in- 
exponsivo wires of (U)f)per and ni(<kebco[)p('r 
alloy are now available for us(^ with th(^ 
])latimim and platiiuau - rluulium (u)upl(‘H. 
These lead wires do not compemsab^ individu- 
ally, but taken together they eonpamsate (lO 
within r>" (1. for a varudpion of 200" (-. at the 
junction of the couple and lead win^s. Both 
terminals on tho liead of (he eoui>l(^ should lu^ 
kept as nearly as possible at the sanu^ ip(mt- 
perature. Tho copper compensating haul is 
connected to tlio platiiuim-rhodium wire of 
the couple, and the eo]>p(w-nu^k(4 wire is 
oonnocted to the platimun wire of the eoupks 
i.e. alloy wire to [uiro nudal in (^a(h cupW*. 
Tho cold junet-ion is then located atp tlu^ 
indicator end of tlu^ (ionpxMisat iug lejuls ; tlu^ 
tompiwatun^ atp (phis vmi may be eon(pr(»lh*<l by 
one of the metpbods descrilxxl. 

ill the nuipjority of eases tlu' (lompiMisating 
leads termina.te in (pIu^ iiuliivitor bo.x, apud i-luMi 
it is merely mau'ssary to I'.oriHH't for l-be 
changes of i(Mnp(U’a,turt^ atp tlu^ iiulieator, whleli 
is usually favourably situapU'd as n'ga.rds 
uniformity of ((mipm’at'Unx 

§ (21) Autoiviatk! H()MI‘1'1nhation rt'oii Coi.o 
flUNOTION TiOMPMK.\TUUMM OK 1'iI MKM( U 'Ol! 

— One sirnph'i nudpliod of apUtoma,(ically eornx't- 
ing for eold jumdion tianpi'rat uri' is (but 
(Uwisiul by Darling, in which (luM'ontrol spring 
of the moving (‘oil is (‘oupkal to a compound 
strip whieh c-oils or muxiils wlu'n (aath'd or 
Imabul, tluu’ehy moving t.lu^ pninlfM* ov(‘r tlu' 
scmpIcx 

’'riie l(Migtph of the spiral is such tluit an 
albwatinn of a glv<'n niimlxu* of d(*gre(^H in ilu 
((unperature movt'S tiu' pnint<M' tlu' aanu^ 
nunduu’ of degnx^s on (lu^ seahx or, in otlu'r 
words, tlu^ bmpuM'alpun' Hcnh' of tlu' pyronudt'r 
is identieal witph thati of tlu^ apirnl 

Numerous otluu’ nudhods for antomndienlly 
compiaisating for cold jniudion (empju'atun' 
changes of t,lu‘rnumoiipl(*H lmv(^ laam pro- 
posed and uH(‘d in comuadion with millivolU 
nudiei’H. One of the ('aiiij'st was n hare 
sistanee wire imnuuwal in a. eolumn of nuu'eury 
located near (pIu' eold junct ion of (phe (luuMno- 
couplo. An inenuiHe in |p<Mn(uu'ature luuir tlu' 
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cold junction resulted in a rise of the mercury 
column, which short-circuited more of the 
resistance wire, causing an increase in the 
potential difference across the milli voltmeter, 
and this compensated for the decreased electro- 
motive force of the thermocouple. 

The method is open to the objection that 
the compensation is accurate at only one 
temperature of the hot junction, for the voltage 
change across the compensating resistance is 
a function not only of the compensating re- 
sistance, but also of the current passing through 
it. ■ As the current changes vdth the hot 
junction temperature, it is obvious that accu- 
rate compensation for cold junction tempera- 
ture can bo obtained only for one temperature 
of the hot junction. 

Another device operating on the same prin- 
ciple consists of thin carbon discs tightly 
packed in a porcelain cylinder which has a 
small coefficient of expansion. These are 
pressed together by a metal rod (zinc) possess- 
ing a large coefficient of expansion. As the 
temperature rises the rod expands and in- 
creases the pressure between the carbon discs, 
thus decreasing the resistance. The device 
is connected in series with the thermocouple 
and indicator. This method of compensation 
suffers from the same defect as the previous 
one in giving exact compensation at only one 
hot junction temperature. 

Fig. 18 shows another scheme of automatic 
cold junction compensation. The resistors a. 



6, c, and d are connected in the form of a 
Wheatstone bridge, as shown, and placed near 
the cold junction of the thermocouple. Three 
arms of this bridge are made of resistances 
having a zero temperature coefficient, such as 
manganin. The fourth arm is made of a metal 
having a high temperature coefficient, such as 
nickel. These resistances are adjusted so that 
they have equal resistances at some reference 
temperature, such as 0° C. The bridge con- 
sequently is balanced at this temperature, and 
no difference of potential due to the battery 
15a appears at the terminals e and /. If the 
tcm})erature of the cold junction changes, the 
resistance of the nickel changes and throws 
the bridge out of balance. This changes the 
E.M. F. across the terminals e and /, and if the 
coils arc properly adjusted will exactly neu- 
tralise the change in E.M.F. at the cold 
junction of the thermocouple. The nickel re- 
sistance c is made low in comparison to the 


total resistance in the millivolt circuit, so that 
resistance changes of the nickel coil do not 
materially change the total resistance in the 
milli voltmeter circuit. Consequently the com- 
pensation is practically correct for all tempera- 
tures of the hot junction, provided the voltage 
at the terminals of the bridge is kept constant. 
Changes in the voltage of the battery can be 
corrected for by means of a rheostat in the 
battery circuit. 

The value of the resistance is so chosen 
that the scale starts at 0° or at any other 
desired temperature. 

§ (22) Standardisation of Thermocouples. 
— For low temperature work up to 450° C, 
the following fixed points are available for 
standardisation purposes : 


Substance. 

Boiling Point of the 
Organic Compound or 
Freezing Point of the 
Metal, ° C. 

1. Steam .... 

2. Napthalene . . 

3. Aniline ... 

4. Tin .... 

5. Tenzophenone 

6. Cadmium . . . 

7. Lead .... 

8. Zinc .... 

9. Sulphur . • * • 1 

100° 

217°-96 + 0-058 (p. -760) 
184°-1 +0-05 (p. -760) 
231°-9 

305°-9 +0-063 (p. -760) 
320° -9 

327° -4 

419°-4 

444°-5 +0-09 (p. -760) 


In this table p. is the pressure in mm. of mercury. 


When great accuracy is not desired, the 
boiling-point of diphenylamine (302° C.) may 
replace that of benzophenone, which is costly 
and difficult to obtain pure. 

For temperatures above 450° C., the refer- 
ence temperatures are freezing-points of metals 
or melting-points of salts. 

Most of the commoner metals can be melted 
in small gas -fired crucible furnaces, the material 
of the crucible depending on the particular 
metal which is to be melted. 

The value obtained for the melting-point 
should be in agreement with the freezing- 
point, and both should be independent of the 
rate of heating and the depth of immersion 
(within limits) of the thermoelement. 

As a general rule, the end of the sheath 
protecting the thermoelement should be im- 
mersed to within about J-inch of the bottom 
of the crucible. 

The chemical action of the surrounding 
atmosphere on the heated metal is an im- 
portant factor, since the solution of the oxide 
or a gas in the molten metal lowers its freezing- 
point quite considerably. 

For example, the solution of cuprous oxide 
to form an eutectic (3*5 per cent of CugO) in 
copper lowers the freezing-point by 20°, while 
the absorption of oxygen by silver has a 
similar influence on its freezing-point. 




916 


THERMOOOTTPL1^;S 


(i.) MntaU which require a Reduchifi Atmo'^ 
sphere,. Anihmny, aluiniuiuin» Hilvor, and 
C()j)|)or iiniHt 1)0 to(^lto(l in a rociuoin^ atnio- 
sphore. The thormooUnnonl oaridul 

protootion, aiicl this can bo ix^adily (dltHdicul by 
moans of a p;laKod ponu'lain iaibo. hi tluMiano 
of antimony .Day an<l tSovSniaii roooinnumd tlu^ 
addition of a tliin Hlicatf) of graphito ovor tho 
poT'colain. 

With alununium it is nooosHary to protoid) 
tho metal from the jiyromoter shoaih as in 
tho ease oE antimony. 

When an elootrie furnace is om])loyed for 
heating, it is posHible to maintain an atmo- 
sphero of carbon monoxide inside as a reducing 
agent. 

Tho entectiea of 

Aluminium eo])por . . 542^ 

Aluminium iron . . . (549" 

Nickel carbcii . . . 1330" 

arc somotimoH used for Htandardising ])urpoH(‘H. 
Tliose should 1)0 molted in a nulueing atrno- 
Bphoro. It is as well not to attempt to make 
up the alloy of (mtoeiio composition, as, just 
failing to do this, the lufiiidiis would not lie 
distinguishable from the eutoctic. By making 
tho alloy so as to eontain a few per cent more 
of one of the metals than (bo (Uitectie alloy, 
tho li<|uidus is easily distinguisliod from the 
lower point, whioh is the one re(|uirod. 

(ii.) Metals which require, a Neutral Atmo- 
sphere . — 'Tho metals niekel and cobalt reipiire 
a neutral or reducing atmosphere fro(^ from 
carbon compounds. 

Bornickol froezing-]a)int determinations, the 
writer has found a refractory clay orutdble 
satisfactory with fused borax as flux to previmt 
oxidation, Tho thermoelement should be pro- 
tected by a hard porcelain sheath. 

It is advisable to heat the (umeihle with a 
layer of bonix glass in tho bottom up past the 
nieIting-[)oint of nickel, then slowly pour in 
tho nieled in the form of sfiot. 

A large-sized crucible of metal is desirable, 
and to diminish (be rate of fall of temperature, 
the hlow-pipe should noli Ix^ turned compkd-ely 
off when the cooling curves is taken. 

( lovoring th(^ exterior surfaei^ of the cnicihle 
with a laym* of (xud)oi:uuduin powder, admixed 
with a per(!(ui(i)ige of lireclay, great.ly inenMiscH 
its resistamfe to tlie cutting action of (lie blast 
dame. 

Day and Sosman, in tlu'ir imdting dettw- 
miimfions, (unployiMl n4i (disd^io furnace with 
an a/<(mos[)here of hydrogiui, which was re- 
placixl by nitrogen previous to inH(wiing tho 
thcirmoelcimeidi, Min(!(') the hydr()g(Mi would he 
oc(dud(xl by tlu^ ])latinum at iiigii bun pern, tu res. 
The nickel Wfin contained in jui unglazed 
porc(d;iin (inicible lined wifii 99 p<‘t' c<mt AImOj> 
ami 10 p(u* e(mt IVlg( ). 

They found that, in tuiking the frerwang- | 


])oint of nicind, with oxide pnswud, a. faii'ly 
sharp ball, was obtained 10" Ixdow fnx'/ing 
point, M’hi(4i may r(‘pn's('n(. (h<‘ ('uOndie of 
niekel a.n<l niek('l oxi(hx 'I'hc' bn'nk die-- 
appeari'd wlnai (Ik" nilrojL^c'n was !vplae<'d by 
hydrogen for a. lew miuuleM. 

Kor coballs “'pure magm'si))-" enieil'hni had 
to I>oein[>loy(Ml, otlaunvise thi' nielal uonld hav<' 
penetrated througli t lu' lining and att aeloMl ()u^ 
porc.ela,iu bmu'ath. 

(dazed mn.niuardt or pun^ inniimnua was 
used to pro(.('e,t (.h<^ l.IuM'jmxdiMmmt, l)ut il. was 
found praetieally imi)oHHibl(^ (o prevt'ut. some 
eoutamiuation of the tlaumioeoupk^ 

dbo dinieuilb^H in the deOu'minaliou of (he 
fre<wing- points of niekel and colailt are very 
eonsHli'rable, owing to the high t(mip<u*jitur(^ 
re(|uir<xL 

(iii.) Melnls which can he melted in Air. dbg 
zine, and gold r(H|uire no Hptx'ial aimosphere, 
graphite enieihles should lu' um(m 1 atid liu' 
eoujilo proteeted by a hard paste ponadaiu 
tube glazed, dbi^ oxidi's of (in and zinc an' 
])raetically insolulik^ in iladr uu'tals. ao have 
little if any elhwt on the fnx'zinr^ part of IhcfU^ 
metals. 

But for its cost gold woidd bt^ a.[i (^xcidlent 
lixod point to employ for siandardiHing pur- 
poses, on a(*.e.ount of iiiS non-o\idis(d)l(' natnn' 
and purity. It lias, howi'vm', a- lemh'iicy to 
volatilises 

K modcral.(^ aiumi’ncy is suniciciil., I he wire 
method may ho maxi. In Ibis nmlluxl the 
junetion hi'twi'en Ibi' enuph^ wiivu is (dlVi-Ird 
by a short l(mgth of /eihl uiri', and the 
ol)sc'rv<xl as tJn' furnae(' rises slowly In t('m- 
pi'rat.iin'. 'Phe break in tbe eireuit. corresponds 
to the nielting“point. of t he bridging nu'tal. 

Tor tbe stamlai’disation of base imdid enuplea 
in the vieinily of H00"(U tlu' freezing, })oi»d. of 
common sab. is vi'iy <’onv('nieiit. 

The salt is contained in a. laigi' pot \\lii<di 
is luuiied in n. gan furmuM', 

The fn'ezing* point, of Nad ' is HOI" d. while 
the onlinary donu'atie mat, (‘rial has a frex'/irng 
poinl. from 1" t.o 3" low<'r. d'he Sfdl is very 
vola.iil<^ at ilu'se bun pern t un's, 

Tbe Htdpbali'H and (‘arbomdes of sodium 
and potaHsium are not entln'ly satisfaetory as 
(ixed point-H. ddicy an^ rapidly aided «m by 
the watiw vapour and nxluebu': gases of the 
furruu’o. ldiH(‘d imlphutefi art' aligjidy nsltus'd 
to Hulpludes, and tsudsmatt's to hulralcsg th*' 
magnitude of tbe change iHung dep(unhuit on 
the <lura(b)n of t-lm iHsiting. 

Ileyeofdi and N(‘vill<‘ found that the fnx’zing 
point of sodium earbonab* Is'came hn\er th«‘ 
longer it was heated. The dtdtuiorailon (d 
the salt eotdd be wattdu'd by looking into tlu' 
erueible ; the (Irat two or thnx'' tiuu'n tin*' salt 

‘ Tare HultgunranbM’d to ht‘ tnauH ptu ctsit piulty b 
nuunil'actimnt on a large s<’nl«‘ for (Inlry uurposcii t*y 
0, Moore ife Ot)., bymni, near VVurrhwtoa, (‘laxUiio'. 
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was fused it remained quite transparent, but 
afterwards it became opaque, in consequence 
of some cliemical change. 

They found that the sulphates were more 
stable, and no progressive change co\ild be 
observed in the freezing-points. 

For high temperature salt-points platinum 
crucibles must be employed, with the thermo- 
couple directly immersed in the salt, or if 
sheathed with glazed porcelain, this should be 
protected vdth a thin-walled platinum tube 
fitting it closely. This procedure was em- 
ployed by Neville and Hey cock in their re- 
sistance-thermometer work. 

Since there is no metal freezing-point avail- 
able in the region between copper (1083°.C.) 
and nickel (1452° C.), attention has been 
directed towards the silicates to find some 
with melting-points in this gap. Jaeger has 
suggested the melting-point of hthium silicate 
(1201° 0.) as a transition point for calibration 
purposes. The other two siheates, diopside 
(13W°C.) and anthorite (1549-5° 0.), have 
al?o been jbroposed. 

The foil owing method was employed by 
White in i*!fche determination of the melting- 
points of sij'licaf GS : 

Vhout ,3 ^ grams of the salt was contained in 
a platinum crucible, 10 mm. in diameter and 
18 mm. deep, which was suspended by a 
platinum sleeve from the open end of a porce- 
lain tube (unglazed). 

The supporting tube wais surrounded with 
pure platinum foil, to prevent contamination of 
the thermoelement by iridium vapour volatil- 
ised from the heating coil of the furnace. 

The thermocouple dipped directly into the 
molten silicate. 

It was found that the values of the melting- 
point wxrc reproducible to about 1°. Freezing- 
points could not be determined, since the fused 
silicates under-cooled considerably, sometimes 
to a glass, in which case of course no melting- 
point would be observed on reheating. 

The writer has found that the nickel carbon 
eutectic (1330° 0.) is a very convenient stand- 
ardising point in the region between copper 
and nickel, and it has the practical advantage 
that the usual apparatus for metal freezing- 
points can bo used. 

(iv.) Palladvmn . — The melting-point of this 
metal (1549° C.) represents the upper limit 
of the gas thermometer at the present time. 
Owing to the cost of the metal the melting- 
point is generally obtained by the wire method 
as above described. The writer has employed 
a vertical graphite furnace with a liner-tube of 
hard porcelain. The couple was symmetrically 
placed in the centre of the furnace, with a 
stnall connecting piece of palladium between 
the junctions. 

It is also possible to carry out the same 
experiment mth a platinum -foil -wound fur- 


nace, provided with two heaters in cascade. 
Tw^o concentric tubes are used ; the outer 
heating element brings the temperature up to 
about 1350° C., while the inner one takes it 
beyond 1550° C. The space between the two 
heater tubes is packed with shrunk alumina. 
Alternating current is employed for heating to 
avoid trouble due to leakage. 

Day and Sosman employed a charge of 
120 to 200 grams of the metal contained in a 
crucible of pure shrunk magnesia bound wdth 
magnesium chloride. The thermocouple was 
protected by a pure magnesia tube. The 
heating was effected in the internally wire- 
wound furnace. 

The extreme temperature involved imposed 
a severe strain on platinum -wound furnaces. 
They found that the danger of contamination 
by the vapour of the palladium was very 
considerable. 

(v.) Melting and Freezing Points of Salts . — 
The melting and freezing-points of salts present 
greater practical difficulties to accurate deter- 
mination than those of metals at medium 
temperatures. 

The latent of fusion of most salts is small, 
and as the solid salt is deposited on the 
pyrometer tube, it forms a poorly conducting 
layer, which renders the freezing-point less 
well defined than is the case with metals. 

§ (23) Formulae for the Representation 
OF THE Temperature E.M.F. Relationship. 
— ^When a large number of temperature ob- 
servations have to he taken by means of a 
thermoelement, it is advisable to draw up a 
table on some such scheme as that below, 
by means of which the observed E.M.F. may 
be readily converted to temperatures. 

The first step towards the construction of 
a table is to interpolate between the fixed 
points by means of an empirical equation. 

Experience has shown that certain classes 
of equations represent closely, the actual form of 
the curve characteristic of the thermoelement. 

For example, Adams found that the rela- 
tionship 

E = 74-672i - 13892(1 - e'O'OO^ei*), 

where E is the E.M.F. in microvolts, 
t „ temperature ° C., 
c „ base of the natural logarithms, 
represented the temperature E.M.F. curve of a 
batch of copper-constantan correctly to a 
fraction of a microvolt over the range 0° to 
350° C., whilst above 350° the equation 

E =92-20^ - 29770(1 - 

was applicable. It must be remembered that 
the couple deteriorates rapidly above 300°. 

By a slight variation in the numerical 
coefficients the same equation could be 
employed for any other copper-constantan 
thermoelement, 
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hi tlio caso (if Pi-Vt 'Rli coiipIcH no 
equation, witl\ a reaHonablo miniber of 
coiiHiantH, haw Ix'ou found that will reprcHont 
tlio curve over the whole range from O'’ to 
1750" (I 

Hence rceoxirHO has to ho made to three 
equations covering overlai)ping sections: 

Ist, O-^ to 400" a, 

2nd, :i00° to l200Ht, 

3rd, 1100“ to 1750“ C., 

E^-AaS-jy-hCa^®. 

It should he ascertained, in a ])arUcnlar ease, 
that there are no discontinuiticB in the sloim 
of the curve at the points of transition from 
one section to anotlior, and any slight in- 
equalities should bo evened out by adjustment 
of the suecesaivo difforeneos. 

The formula proposed hy Holman, 

E = or log E = A log I -P log B, 

whore E = E.M.F. in microvolts, 
i ~ tomporaturo ° 0., 

A and B constants, 

is occasionally used but does not roprosont 
the curve as accurately as the above. 

From suoli equations a table can bo calcu- 
latod giving the temperature corresponding 
to every 100 microvolts or the E.M.F. corre- 
sponding to every 10". 

Typical specimens of such tables are shown 
below : 

(i.) Ooj)pcr-Constantan . — 

Even HundreDvS or E System 


E (Microvolts). 

t "0. 

ist Diironinco. 

0 

0 


100 

U)0 

2-GO 

200 

5-17 

2-57 

300 

7-73 

2-50 

400 

10-28 

2-55 

500 

12-81 

2-53 

GOO 

15-33 

2*52 

etc. 




(h.) I^t-Pt lih Couple . — 

Even Tens or i Systems 






t. 

'0. 

1st Dlironnuxi, 

0 

0 

55 

10 

55 

57 

20 

112 

GO 

30 

172 

G2 

40 

234 

G3 

50 

207 

G5 

GO 

362 


1 oto. 




In coniUHdioii with th(' diHensuM^ (‘olumn 
it is of int(M'(‘St (o study tl»e eur\<'S givnsi 
by Adams and n'prodiuMMl in A’q/. 19 for tlui 
Hensitivity of ihr(H‘ kinds of (^onph's at various 
tetnperatun^H. 

Tim liiK^ for tlu' Hoskins alloys is broloMi in 
the H'gion wh(u*(^ tlu'. e.oupk' is lud' pju’tienlai'ly 
suii-able for bmipt'irature uuMisunMiKsds. 

Once a tahh*) has Ixsmi caleulatiiMl out, it 
can servo as a basis of otlu'r ta,hl('s for tlnaano- 
olonumts of the same group hy lln^ aid of a 



Via 19. 

“difforonce curve.” It will bo found that 
but little labour is involved in tln^ (M)nstru<s 
tion of a second table, taking Ibi^ lirsli a,H basis 
and amoiuling it in ac('.ordanc(> with Hk' r<'- 
qnirements shown hy tln^ dilhnv'ncc' curvay.” 
Typical tables for plaiiimm, rhodium, (•opp(M'- 
C(>nstu,ntaii, and Hoskins alloys liav<^ Ixxai 
puhlisluxl hy Ada, ms in 7'a5/<’.s‘ <un{ (Uirrv,'^ far 
if,w in, mmnurhuj 'PnnpvrulurvH loltli Thvrn\o^ 
eoupUs (SympoHinm on Hyronndj'y* Ain<x’ica,n 
TnsiiL of Mining and Met all. Engimxn’s), S(q)t,. 
1919, p. 195. 

^(24) (lAinniiATioN uv Hompaiuson with a 
Standahu Trii'JHMoi'ii.MMKNT, ■ ■ TIi(^ nudluxl 
of standardising hy fnx'/Jng-point, (hdermina- 
tions above nTernxl tio slioiild only Ix^ i'(^sort(xl 
to in the <‘,aHe of primary stamhu’ds or ns a 
cluHik-point in east^ of d<nil)ti, 9'h<^ ealihra- 
tion of oii(‘- eonph^ hy dinxit/ eomparison with 
another is both simph* and ('xp(xlitioUH. 

In tli(^ e.aH(^ of platinum u,lloy (amph^s tlu^ 
usual pnxxxlun^ is as follows: 

Th<i Inxwy por(u9a,iu sln^alh is r(Mnov('d and 
the wires itisuhthMl hy <'apillary Iinx4ay 
tubing or <(nart-z. The junctions (d l,h(^ two 
eouples ar(\ iitxl tog<dlnu‘ hy a t>i<xx^ of pure 
platinum win^ and insiu’ted at the mid |k)int 
of an okx‘,t,rie furmux^. 

The eoupk^s an^ canhxl in a limu*'t,uhe 
supported from tln^ (xild (aids of tln^ furmuxs 
to avoid lealva,g(^ from tlici healing eireuit 
into that of the potimtionadter, Ati (i(Mnpera" 
iurcH (^xe(XMUng 1000" <1. tlu^ i9<xd,rl(i in^HisUvity 
of porxx^ain, (puirt/., ('te., falls olT rapidly with 
temperature, and (pille minute oleetih’ leakag(‘H 
are uotieeable witli apparatus deHigiiod to 
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of tlio onlcT of one hnndrod- 
tnillionMi Miai of (,ho circuit (i.e. 100 

voUiM to I mi(irovolt). 

§ (U5) (JoNTAMINATrON TmHT.H OP^ TllWRMO- 
coupIjMh.^ — -D oHpito all tlic care taken in tlxo uao 
of |)lal-ii\uni tlienuoi^lcnKuita at hi^h tempera- 
(urc'H, contapuination troubloH occur in the 
courH(' of time. Mv(mi if the couple ia carefully 
prot('(*ted from external indueuccB by Hhcath- 
ing in gla/AMl tuhin^j; it Ih iin])oHHible to elimi- 
nato conipletoly an internal aourco of trouble, 
namely, the volatiliaatiou of rhodium or 
iridium from the alloy limb on to the pure 
pluiinum liml). 

It/ muat be I'enuMnlanHHl that rocalibration 
of n, HnH]HH‘.t(Ml tluH'moeouple will not ahow 
whether th<^ portion inH(‘rt.(Ml in, the furnace 
in eontaminat(Kl or not. (Should the affected 
hniLd/h b(^ within tihe uniformly luxated rep;ion, 
it in immattu’ial what the (iompoaition of the 
wir(^ may be. 

A vn/ibdy of nudhoda hav('i been deviaed 
for (hd.C'ct/injL^ t/he eontiatniuati(‘.d r(‘;»:ion of a 
th(nMnoelmn('nt. /Pbe aiinph^at/ ia to atretch 
tlu^ wliv b(‘tw(^en aupporta, comuad the enda 
t/O a j;'a.lvanom(d/(n*, n,nd run w, aimill Ihinaen 
(lam(^ a/lonii; b(Mi('a.t/h, In tln^ contaminated 
r(‘«.';ion tb(^ pd vanonud/CM’ will ahow marked 
(h'lh'ctiou from the normal poaition. Each 
limb of tlu'rmoelenunit ahould be toated 

ia no known method of reatoring a 
(a)ntaminated cou|)le to ita original atate, 
and t/li(^ only aolution ia to cut oif the 
eontiamimited i)ortionH. 

Haa(^-m(diail thermo(5ou[)l(w are partienlarly 
liable to (hwelop het(M'og(Mieity after [)r()longe(l 
oxpoHun^ to high temperaturea, thia being 
UHimlly due to atnietural ehangcH in the alloy. 
VVlum thia oeeura the readinga obtained will 
(h^piMid upon Ui(^ depth of immeraion if the 
alhMiU^l pai’t bapp(mH to be in a region wlioro 
IiIhuh^ ai'(^ lcmperatnr(^ gradic'uta. lloncc it ia 
udviaable to ke(d) a <di(‘(?k on tbe pyrometera 
ptunna/iumtly inatalled by ina(n’ting a atandard 
eouph^ into th(^ fnrna(!(^ alongaide it with the 
hot jimetiouH in eloae proximity. Obaerva- 
tioiiH ahould bo taken at a aorioa of 
tiuufHu’atun^H. If 1»h<^ eonditioua ]>r(wailiug 
in t/h(' furmuH^ are fairly cletiuite and the 
lHd/<M’og(UU^ity (vlTeet amall, couaiatont valuea 
ahould b(^ obtained for tlu^ dilTerence between 
tlu^ two <ioupl(w. ih however, the dittereneea 
an^ of viu'iable mngnitiuh^ and not reprodiudble 
it woidd be adviaablo to diatnird the auapected 
couple, 

III ia, of (^otirao, tm(d(^aH to expect tlm aamo 
aeeurn.ey in a teat of thia obaractor aa would 
b(^ ohtaiuetl utuUn* laboratory conditiona. 
B(d< th(^ data ahould prove the aecmracy of 
tlu^ t(unf)(n’U/tur(^ obaervationa. It ia adviaablo 
to UH(^ aa cheek (V)Ui)le one of amall croaa- 
(Btvdion and protected by a thm tube. It 


would then servo to show whether the depth 
of immersion of the working couple is 
sufficient. When heavy iron protecting tubes 
are employed it may happen that the 
conduction along the tube is so considerable 
aa to keep the temperature of the hot junction 
below that of the region in which it is placed. 

§ (26) TiiK Ihstallatton of a Potentio- 
meter Outfit. — In the installation of a 
j)()tentiometor for thermoelectric work two 
];)oints require attention : 

(1) The elimination of parasitic E.M.E.’s, 

(2) The prevention of leakage into the 

potentiometer circuit from neighbour- 
ing lighting or furnace circuits. 

Parasitic E.M.P.’s can bo largely eliminated 
by a suitable choice of metals for the resistance- 
coils, binding-screws, and leads. 

Manganin has a comparatively small thermal 
E.M.F. against copper, and copper terminals 
are now obtainable. All keys should be pro- 
ieci/cd from tomporatnre fluctuations. 

It ia obvious that a leakage current must 
ont(‘r tlic circuit at one point and leave at 
another, aft(n* passing through the galvano- 
nud/or, if it is to produce errors in the 
obaervalioiia. 

Leakage into the ])otentiornetcr can he 
dcte(5tod by observing the deflection when the 
thermoelement is short-circuited. 

When a thormocouplo is used in connection 
with an oloetrie furnace, the heating circuit 
should bo ])rovidod with a reversal switch, 
and the deflection of the galvanometer spot, 
on quickly changing over, noted from time to 
time. 

It ia a dilficult matter to provide an effective 
inaulation of the thormocouplo from the high- 
voltage heating circuit of a furnace at 
temperatures exceeding 1400° 0., since the 
ioniaod atmoaphoro conducts sliglitly. 

White rocommonds a system of shielding, 
by which a good conductor is interposed at all 
■I)oints botwoon the potcutiomotor system and 
the Houixjo from which the leakage occurs. 

For details of the method of application 
of the o(piipotcntial ahiclds, roforonce should 
bo made to the original papers, a list of which 
is given in the bibliography. 

(jJood electrical insulation of the apparatus 
ahould be the first consideration when leakage 
troubles ocimr. 

§ (27) AiMujaATiOK OF Thermoelements 
TO Tine Measurement of Extremely Low 
Temreratureh. — The use of thormoolomonts 
in praotituil work at low temperatures has 
been studied by Onnos and I)owar. Onnos 
favours constantan and steel on account of the 
largo E.M.F. dovolopod. Dewar found cupro- 
nickel and gold to bo satisfactory clown to 
liquid hydrogen temperatures. 

During the course of liis work he observed 
some curious changes after exposure of the 
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oouplos to low iotnjKwaturc. If tho jaiKdion 
had 1)0011 soft-Holdorod Iho would not 

1)0 roproduuihlo after oxpoHuri' io li(|uid 
hydrogen ioniporaturoH. JIard-Holdoring waH 
found to he (juii.o Halts factory. Ho found it 
advisable to oool iho cou{)lo repeatedly to the 
lowcHt teinporature before ealihration in order 
to ensure tliat it had aettlod to an ciiuiUbiiuni 
state. 

For low-tom]')oraturo work ibe couples are 
generally calibrated by a direct coinparison 
with a hydrogen or lielium gas tliennotneter. 

A study (d the curves in A’n/- 19 Hhow»s that 
the thoriuoeloetrie method lacks sousitivity at 
low tom])oraturoH., and for any work najuiring 
aeeurate nioaHuremonts of temperature the 
resistiinco tnethod should be employed. 

§ (28) WlUTNO THIO TlIMHMOIOm'nVUflNT.S TO 
Tnn iNoroATOR. (i.) Wiring and Hantches . — 
The wiring of a thermocouple installation 
domaiids more care than is iisuntly bestowed 
on ordinary ligliting iiistallaiioiiH. 

Indicators, ea[)ecially of the low rosistanee 
typo, arc e.alibratcd for a definite lead resistaneo 
and the size of wire for the eonnoctionH should 
bo chosen witb this fact in mind. The switches 
should ho selected to have a low therrnoeleetrio 
eifoct at tho contacts and also low contact 
I'osistanco. 

Tlio situation of tho leads Hhr)uld be chosen 
so as to avoid localities subject to large 
fluctuations of tonii)oraturo, such as the vicinity 
of furnacos, etc., otherwise the tomporature 
oooflicient of resistance of the leads, especially 
if of copper, may introduce iif)proeiahle errors. 
In order to obtain meehaniifal protection it 
is advisable to enclose the leads in metal 
conduits. The.se conduits should be '' eartlu'd ” 
so as to prevenii leakages from the po\V('r 
circuits in tlic vicinily alT(‘cting the HenHitiv() 
indicators of the thormo('l(H:i.ri(; installation. 

d’iio use t)f the common return for a multiple 
olomciit installation is not to be reeommeiuhHl, 
as it is a fr(^(juent source of trouble <hie to 
leakages. It is impossible to insulate base- 
metal thermocouples at high temperatun's 
from the ironwork of the furnace, and fre- 
quently the hot junction is actually welded 
to tlie end of its iron f)roteeting tube in order 
' to re<luce ihermnl lag. d’he eonHO(|uence of 
this is that) when tho tul)CM arc in contact with, 
the casing of the furnace t,he limh of the eletnent 
wliicfi is aMaehetl to the common lead is 
shunl.od hy a, (lilTer‘(mtiaI eou|)le e()inpo,ycd of 
the correspomling Jimb of the other couple 
and the ironwork. 9^1)118 shunt elTeets the 
nvidings of both thorrmx'ouph's wbonever tbc 
1ieinpera,tures of i.lie Iiot jumdaons dilTer. 

(ii.) ^^s‘e of a ^'(hnfnion'^ dold Junction, 
Wlitai a tiumber of couples are read on ihe 
same meter it is in('onv(mi(ait to bury eaelj 
(!oId juncda'ori, so the practice is fr(ujuently 
followctl of employing a eoiumon ” cold cud 


for the installation. In this ea.H(‘ oiu' (‘ouple 
extension circuit is run into tlu^ w(‘ll, as shown 
in Fig. 20. All the th(U‘moe<aipl(‘ ('xOaisions 
tenninate at on<' point cnlkMl a, “ jiimdion box/' 
ensuring the same iomixu'ntun' <o aJl (am- 
ueetions within. 'Tlu^ c(aip!(‘s an^ coumM'tial 
hy eompensating leads io (he jnnclion box, 
and leads of the same alloy also conma’t the 
junetion hox l.o the w(dl. d’lu' conneelions 
from tho junction box through (he midli- 
point switch to (he indiea(ior ar(' madt^ of 
copper. 

(iii.) Indicator and Recorder. It is sonu^* 
times desirable to have uii indi(*ator sitiudi'd 
in (ho neighbourhood of Hu' furnace and a. 
recorder cornKMited in paralhd sii.indied in an 
oil ice. 

In sn(di installations dm' n'gard imist be 
given to (he fact tha(> (ho r('<*ordcr is a, shutii 
across the indicator. If (he iudlcator or (he 
recorder has been calibraic'd (.o read coiTtad-ly 


Motor 

i„t .. 


- 


id-:: 


Canpof — - 
Chroinal 
Aluxmlor 
Copal 


h'<ul mlibmthin 




11 


4 Point Swltc.li 


Votin^>^ Pxicntilon itihtf 


X 


S? Jii' 

b; iihl 
“ 1 * 
^ 1 


llll 




I;;! 




i K 




.Writ 


10(1. 20. 


wlam alone eourn'ided to (h<' cmiph', then 
wh('n th<' otlua* is j)(ld(sl holh iuHlrumenlH will 
rend low. On the olh(*r hand, if Hu' (\vo 
iuHti'unu'nts are cn,in)i’n,((Hl (o r(aid <'ofT('cily 
in paralk'l they will both read high wlum 
conneei.ed (lO dilhu'tmt couple's in ji, mulliple 
insliallation with commutating awilclK's, 

()nnH(Mpien(ily, (he pi'ae(i<’e of imtalling in- 
dicators ainl recorders in pa.ralh'l can only h(' 
safi'ly a,(lopte(l wluMi tlu' ina( rnnienl.H jir<^ of 
(he liigh-reHistmu'e lype. 

§ (29) NoTI'IH on I bKKHItKNTI \n Ootll’ni'l.H. 
When small dilTerems'S of l(mip<')’ntui'(‘ have to 
be nnsisuiMHl, a, battery of tluM’nus'hmuuds 
may be emi)loy<'d and eomumted (*og<‘ther in 
stu‘ieH. 

Wlnai (-lie battery is eompomsl of a large 
iiumlx'i’ of elenu'uts, it may eonv<‘nien(ly be 
divi<le<l into (wo (‘({lud gnuips of (muples. 
Then, by eomu'eting tlu' two groups in o()t)OHl- 
tiou and iuseriing one end of each in ie(', 
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while the other is at room temperature, the 
E.M.F. should he zero, provided the two 
groups arc exactly symmetrical and there are 
no internal short circuits or leaks. 

Generally in differential work the battery 
of thermoelements has to be made as com- 
pactly as possiJ>le and vith the minimum of 
insulation consistent vdth safety. The copper 
wire, owing to its greater specific conductivity, 
may be of less diameter than the constantan 
wire without loss of sensitivity, a combina- 
tion of 0T5 mm. diameter coi^per wire with 
0*25 mm. diameter constantan being quite 
satisfactory. The junctions should be soldered 
with silver solder, using a httle anhydrous 
borax as hux. This operation is facilitated 
by using a minute gas-jet rather than an 
ordinary blow-pipe. 

Insulation of the bared parts is effected by 
repeatedly dipping into a solution of celluloid 
in acetone (freed from water) ; this coating 
is suitable for work at room temperatures. 

The follo^ving method of insulating by means 
' of hard rubber has been recommended by 
Adams : Enough precipitated sulphur, or still 
bettor, insoluble sulphur, is stirred with rather 
thick rubber cement (pure gum rubber dis- 
solved in benzene or COo) to equal 20 to 25 
per cent of the solid rubber. The junctions 
are dipped in the mixture, and after drying 
in the air are maintained at a temperature of 
140° C. for fifteen hours. 

[The writer desires to acknowledge his in- 
debtedness to Messrs. Charles Griffin for per- 
mission to utilise in the preparation of the 
articles on pyroinetry some of the material con- 
tained in Methods of Measuring Temperature.} 
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THERMOBYNAMIOR 

§ (1) iNTHODiroTOUY. — ThermodynamiCH ia 
primarily that branch of acionco which cicala 
with the relation of heat to mechanical work, 
but in a more oxtenclod aonao it deals with the 
relation of heat to other forma of energy. 
An important i)art of it is the theory of Heat- 
Engines, which are dovicoa for getting work 
done through the agency of hc^at. It is also 
concerned with the theory of liofrigorating 
Maohinea, which are dovicoa for removing 
heat from bodies that arc colder than their 
surroundings. Such devices may also bo 
called Heat-Pumps, for their function is to 
take in heat at a relatively low t('>m peraturo 
and discharge boat at a higher temperature. 

A Heat-Engine, on the other hand, tak(vs 
in heat, wbicli is generally supplied by the 
combustion of a fuel, at a high tomporaturo, 
and discharges heat at a lower temperature. 
A condensing steam - engine, for example, 
takes in heat at the temperature of the boiler 
and discharges heat to the cooling water of 
the condenser. In any heat- engine the heat 
is let down, within the engine, from a high 
level of temperature to a lower level of tempera- 
ture, and it is by so lotting heat down that 
the engine ia able to do work, as a water-wheel 
is able to do work by letting water down 
from a high level of i)OBition to a lower level. 
But there is this important dilXerenc^o, that 
some of the heat disappears in the ])r()(5eHs of 
being let down ; it is converted into tlu^ work 
which the engine does, .hroin the i)oiiit of 
view of practical thonnodynamicH, the objecib 
of a heat- engine is to got work done with 
the least possible cxi)cndituro of fuel. It is 
desired, subject to other considerations of 
economy or convenience, that the ratio of the 
work done to the heat taken in should bci as 
largo as is practicable. This ratio is (‘.ailed 
the Eflioioncy of the engine as a heai-(mgine. 
The theory of heat-engines discussc'H the c-on- 
ditions that alTcct clliciem^y, and shows what 
is the limit of clUcioncy that can be approached 
when the conditions are most favourable. 

In a mechanically driven refrigoratii\g 
machine or hoat-pump the (ustion is esscmtially 
the reverse of that of a hoat-ongino. The 
object is to remove beat from the cold body 
and raise it to the higher level of t(unperaturo 
at which it (san bo clisc'hargcMl, with the least 
possible expemUtun^ of work. *'.rhe ratio of the 
heat that is taken in from the tu)ld body to 
the work that; is spent in driving the maehmo, 
wUitdi is called (be Ooellicient of Performance, 
should bo as larg(^ as is praciticable, and the 
theory of refrigoTution discusses tlu^ conditions 
that; will make it so. 

§ (2) Units ok Hmat. — A eojivimiont and 
precise unit in which quantities of heat may 


bo roc^koiied is the (puiutlty ihat^ is r('(}uire(l 
to warm a unit mass of wa.(.(‘i‘ from the t(‘m- 
perature of mdtiing ie.e to the itsupewatun^ 
at which water boils uii<l(‘r a )»r(‘SHure of 
one atmosphere. two points s(wve to 

dotormino two (kTinih^ staU'S of t(‘mp(‘rait.ure 
that can easily he reproduecal. A imiti of 
heat which is obtahuHl by taking a e(‘rta,in 
fraction of this (piantily of heat is (h'serilaal 
as a mean thermal 'unit. ^Plu’i nuNin tluu-mal 
nnit calbnl th(^ ( Jratuim^ - calory is oiu^- 
huu(lr(Hlth part of ilie heat which will Herv(‘ to 
warm one gramim^ of wat<'r from tin' mtlting- 
point to the boiling-point at a prt'HsniH' of oiu' 
atmosphere. One - himdnalth f)ari is (ak(m 
because on the (kmtigrade scale of i('mp('ratnr(' 
tlun int.erval Ix'tAwa'u tbese (ixaal points is 
tlivkhnl into 100 (h'grees : (smsiapumtly tln^ 
gramme-calory is the averag(' amount of lu'nt 
required to warm a gramme of wa.t('r through 
one dogre(^ (k'ntigrade, IxdiWi'cm tin' nn‘l(.ing- 
])oint and the boiling-point as limils. ^I'ln^ 
actual amount ro(|uirod ])er degri'e in'cd uoti 
be the same for ('aeb degree of the w(‘al(', and 
in ftwt is not the same, for the spc'cilie luxit 
of water is not <[uito constant. 

What is commonly called tln^ British 
Thermal Unit (when the Pahrenheit scab' is 
omploycHl) is (piantity of h(*ati 

rocpiircxl to warm one pound of wab'i* from 
the melting-point to tin' l)oiling-j)oini^ Ix'cjuist' 
on the Falinmlnut scale iln‘r(' ar(‘ 180 (h'gnn's 
between tlu' two lix(‘(l points. 

A mucli preh'rahU' unit of In'uti foi’ Hj’ilish 
moasun'H is the nnvin Pouinl-cnlory, whh>h is 
one-luindr(‘(l(b of (In' ninoimii of In'ali nMjuir<Ml 
to warm OIK' pound of wat('r from lb(^ nnlling- 
poiut to tin' boiling- point, 

InsOxid of (In' nn‘an (lalory n. unit of h<'a(i in 
often tale'll ('alh'd Un' Ih" caloiy,* which is tin' 
(piantity of Insit r('(|uir('<l to raisi' oin' grainnn' 
of vvat('r through P\ U. at Ih", or from IIP' 
to 15J". The iinnin ('iilory is gU'atcr than 
the 15“ calory in ( In' ratio of I •0002 to 1. 

§ (li) M I'JdllANK'AU IbpilVAinONT OK 1 1 K \'I\ 
'‘.riuj exp('rim('nt,H of .loul(\ Ix'gun in 1815 and 
cont.iniK'd for H('V('ral y('arH, dmuonst-raOMl 
that win'll work is ('xp('inl('(l in piodiu'lng In'ai 
a (k'linih' n'lation holds Ix'twns'U tlu' amount 
of lu'at prcxhnx'd and tin' junount' of work 
sp('iit. By ('ausing tin' potential cin'rgy of 
a raised wi'ight to Ix' usi'd up in turning a 
paddle whioh g('n('rnd('(l In'at by stirring waU'r 
in a v('HH('l, and obsi'rving t in' rin<' of t('mp('ra- 
iur(' so produced, .bmlc (h'ti'rrnimxl tin' iiumlxm 
of units of work that an' spi'iit- in prodmung 
a unit of heat. O’his immlx'r is ('alh'd tin' 
nuM'hanu'al ('(juivuk'rit of lu'at. In ('arly 
cxperinu'niH Joxdo found that 772 foot-pounds 
were recpiired to raise the icinp('mtur<' of (me 

^ In SOUK' cuHc's tlx' uu'nn foi* t lx' rmun' lt»" tt t'O 
20" 0. is tak('n, living a vnhu' at J7’'‘C>. Hec “ Ihad, 
Mceluuilcal Biiuivalcuit." 
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pound of \vn,i(n’ ilirou^di oiio (k^^roo Kalircn- 
h(Mt. on llu^ <.li<n’uiom(‘f(U' ho onpdoyod, at a 
partioular pjirt of H(‘.alo. 

Many lat<u’ and niori’i oixaof doiormiuatioiiH 
uuulo by doulo liimHciIf and by other 
obM('rv(M'H, tiHiujix variouM nud-hodH of expori- 
nHudi. Tlioy agree in nliowing that doiile’H 
original ligurt^ waw rather low. The general 
n'Hiilt iH to (ix MOO as the number of foot- 
|)Oun<lM (in tlu^ latitude of Jjotidon) that are 
e((uivahMit to one mean pound-ealory. The 
e.t)rreMponding value of the imndiaiueal e(iuiva- 
l(Mit of the “ Hritinh ddiermal Unit ” iH 777*8 
footi-poundH, and that of the grammo-oalory 
iK ■12(b7 graiu-iuetim In abBolute (UG.S.) 
unit.H iih(^ gramme-calory in e(juivalent to 
‘I*18()S dotdt^H or •1*18158x10’ ergB, the Joule 
Inmig 10’ (u*gH. 

The mcudianit'jd CKpiivahmt of heat enterB 
into many of the formuhiH of tlun’inodynamica. 
It in often called doule’n Kipii valent, and 
Ih g(Mi(u*a.lly r<'j)r<wmt(Hl by the Hymbol J. 
ddie Hymbol A in UH('d for the rec.ipro(uil of 
Jonle’H ('(juivalents or l/J. 

§ (d) SoAiU'iH OK TMiMPMaATintio. — In the 
eotml ruction (»f a.n (U’diimry th('rmomet<M* a 
linn tub('i of unifoiun bore iw c.hoHen, and a 
bulb iH fornu'd on it (o c.oni.ain the im'inmry 
or otluM* li({uid whoH(^ expannion in to UHed 
an an indication of tempcu'atun^. VVlum it 
jK lilhxl the two (ixed pointH are detoriniiuxl 
by phu'ing the iuHtniuu^nt (a) in melting ice, 
and (h) in the Bteam eoming from water boiling 
nmh'r a pn'HHure of one atmoHpluuu The 
ponition tak(m by the (md of the column of 
li(pnd ill the tube ih marked for each of thoHe 
two |)()iidH. The dintance between them in 
then divided into e((nal partH winch are 
called (h'gU’cH'H, lOd partn for ihe (Centigrade 
Heide and 180 for the Kahren licit Hcalo. By 
thirt eonatmetion (Hjual HtepH in temperature 
ar<i d(TnuHl by (Xjual amoimtH of exfiaiiHion 
on lJi(‘ part of tlu^ Hc^leebxl rKfuid, or ratluu* 
by (Hpial amonntH of <liIT(n‘onee between the 
(cxpatiHion of ihe li(iuid itHelf and that of the 
ghiMH in whi<ih it iH eoniiained, for it irt the 
<iilT(‘ren<UH of (^xpannion that detormineH the 
riH(^ of the (‘olumn in the tube. TIuh e.ommon 
method of nU'iaHuring (lenifierature givcH remdtH 
that Viiry for dilh'nmt liipiidn and for dllTerent 
MoitH of glaHH. hjjich of two mercury thenno- 
nuditu’K, for (\xaini)le, may have the (ixed jiointH 
corr<x'tly marked, and be of nniform bore, 
niid y(di if I/hey are made of diOerent HortH of 
glaHH tb(\Y may givi^ rixidingH that difhvr by 
jiH much an half a <legre(^ at the middle of the 
range Ixdweim tlu^ (ix(xl point-H, and may nhow 
Htill more HtuhniH dlH(U'epanei(^H when they are 
applicxl to rmxmure higlun’ temperatuim TIuh 
illuHtralit^H th(^ fact that tlu^ meaHurement of 
t<nnperatur(^ by an ordinary thermometer given 
an arbitrary He.al(% whieh eannot oven bo relied 
on to be the Hamc in tUlforcut inatrumontH. 


MeasuremontB of temperature are nixich 
IcBB ea])rioious if wo flelect for the expanding 
Hubstaneo any one of the ao-callod permanent 
gaHOH Buch aa air, or nitrogen, or hydrogen, 
taking care to keep the presKSuro of the gas 
conatant while it is employed to measure 
temperature hy its changes of volume. Such 
an instrument is called a constant-pressure 
gas thermometer. It Avould bo inconvenient 
for ordinary uho ; but it serves to supply a 
s(uilo with which the readings of an ordinary 
thermometer can bo conpiared. Thus tlio 
readings of any thormometor can bo corrected 
to bring them into agreement with the scale 
of a gas tluirmometor if t.lmt scale bo adopted 
as the standard scale iti stating temperatures. 

Kxperimonts on the expansion of various 
gases by heat have shown that all gases 
whieh arc far from the e-onclitions that would 
cause li(piefac.tion expand very nearly alike. 
If we compare an air thormometor with a 
nitrogen or a hydrogen thermometer we 
get prac.tieally thci same scale except at 
extrmmdy low imnperaturos such as those at 
which the gas is aj)i)roaching the liquid state. 
(biHos expand by almost exactly the same 
amount IxdAvecn the two fixed jxnnts, and at 
intermediate ixunts, or at points beyond the 
range, their agreement with one another is 
almost perfect. Jlenco the scale of the gas 
thermonu^ter is imieb to be jirefcrrod to that 
of any mercury thermometer* as a means of 
stating iempiTature. Jhit there is another 
and oven strongm’ reason for this preference. 
Wo shall HOC later that it is ])ossil)lo to imagine 
a scale of tomporatur(\ liasocl on general 
thermodynamic principles, which does not 
depend on the jiroporties of any x>«'i'ticular 
snlistance : that sciule is called the thermo- 
dynamic mile of tomj)oraturc, and much use 
is made of it in thermodynamic reasoning, 
ddio scale of a gas thermometer is ))ractioally 
identical with the thermodynamic scale, 
ddiis is true whether wo use a constant- 
prossun^ gas tluu'momctcr’, or what is called 
a constant-voluux^ gas thermometer, in which 
iimnunenis of timiperaturo arc measured by 
tlie iiicr’emeiits of pressure tliat are rcixuircd 
to kc(q) the volume of the gas constant while 
it is lurited. 

Mxpennumt shows that the amount hy which 
air or hydrogen or any oilux: so-called per- 
manixit gas expands Ix^twcen the two fixed 
points is about .l()()/ii73 of the volume at the 
lower fixed [xunt, care being taken that the 
pressure does not change. Hence, if wo 
adopt the scale of the gas thermometer as 
our scale of tomiierature, and use (ieutigrado 
divisions, this rcHult may Ix^ exi)reHSod by 
saying that when 2711 cul)i(! iru^bes of gas at 
()*■' U. are heaUxl undt^r constant ])ressure to 

(1. the volume alters to 274 c,uhi(! in(4ics. 
When the gas is heated to 2‘' (J. its volume 
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becomes 275 cubic inches, at the upper fixed 
point it becomes 373, and so on. Similarly, 
if the* gas be cooled from 0° C. to - 1“^ 0. its 
volume changes from the original 273 cubic 
inches to 272, and so on. Hence the volume 
would become zero at -273° C., if the same 
law could be held to apply down to the lowest 
temperatures. 

This result may be concisely expressed by 
sajnng that if temperature be reckoned not 
from the ordinary zero but from a zero which 
is about 273 Centigrade degrees below it 
(more exactly' 273-1), the volume of a gas, 
heated under constant pressure, is proportional 
to the temperature reckoned from that zero. 
The zero in question is spoken of as the Absolute 
Zero of temperature. Denoting any tempera- 
ture on the ordinary scale by t and the corre- 
sponding temperature reckoned from the ab- 
solute zero by T, we have (using Centigrade 
degrees) 

T=i+273*1. 


The absolute zero has been defined here 
by reference to the expansion of a gas. But 
it will be seen later that the thermodynamic 
scale of temperature starts from a zero which 
is absolute in the sense that no lower tempera- 
ture can possibly exist, and that the zero of 
the thermodynamic scale coincides with the 
zero of the gas scale as defined above. ^ 

§ (5) Properties op a Gas : Charles’s 
Law and Boyle’s Law, — The experimental 
fact that all “ permanent ” gases expand by 
very nearly the same fraction of their volume 
for a given increase of temperature, the 
pressure being kept constant, is known as 
Charles’s Law. Another fundamental property 
of gases, discovered by the experiments of 
Boyle, is that when the volume of a gas is 
altered by altering the pressure, the tempera- 
ture being kept constant, the volume varies 
inversely as the pressure. 

Thus if V be the volume of a given quantity 
of any gas, and P the pressure, then so long 
as the temperature remains unchanged V 
varies inversely as P, or PV = constant. This 
is Boyle’s Law. It is very nearly though 
not exactly true in gases such as air or oxygen, 
or nitrogen or hydrogen, at ordinary tempera- 
tures and pressures ; the deviations from it 
become serious at high pressure or when the 
gas approaches conditions that would produce 
liquefaction. 

§ (6) Notion of a “Perfect” Gas.— In 
formulating the principles of thermodynamics 
it is convenient to imagine a gas which exactly 
conforms to laws that are only very nearly 
true of real gases. Such a gas is called a 
“ perfect ” gas. The properties of real gases 


^ The exact position of the absolute zero is un 
certain to the extent of about one-tenth of a degree 
Callendar places it at -273-1® C., and that fiW 
IS generally adopted. ^ 


are most easily treated as involving small 
deviations from those of imaginary “ perfect ” 
gases obeying simple laws. Among real gases 
hydrogen probably comes nearest to the ideal 
of a perfect gas, but no real gas is in this sense 
strictly perfect. 

In a gas which is perfect in the sense of 
conforming exactly to Boyle’s Law we should 
find PV strictly constant, so long as the 
temperature is constant. If we define the 
temperature scale by reference to the expansion 
of the gas we should also have V varying 
as the temperature T (reckoned from the 
absolute zero) under any constant pressure. 
Combining these two statements we should 
tave PV=RT 


where R is a constant. For the present it 
is to be understood that the symbol T stands 
for temperature measured on the scale of a 
gas thermometer, from a zero which is 273-1° C. 
j below the melting-point of ice. 

When a gas satisfying this equation is 
heated imder constant pressure and conse- 
quently expands, R is a measure of the 
amount of work done by the gas for each 
degree through which the temperature rises. 
Let the original temperature of the gas be 
Ti and its volume and let it be heated 
under constant pressure P till the temperature 
is Tg and the volume Then we have 

RTi=PVi and RT 2 = PV 2 , from which 

R(T2-Ti) = P(V2-V,), 

which is the work done by the gas in expand- 
ing from 'V'l to Vg. Let the interval of 
temperature be 1°, then R is equal to the work 
done. 

§ (7) Working Substance.— In the action 
of any heat-engine or refrigerating machine 
there is always a working substance which 
in consequence of its capacity for heat forms 
the vehicle by which heat passes through the 
machine. In the course of its action the 
working substance takes in heat and gives 
out heat, and thereby convoys heat from one 
•level of temperature to another. Its volume 
also changes, and it is through changes of 
volume on the part of the working substance 
that the engine does work, if it be a heat- 
engine, or has work spent upon it if it be a 
refrigerating machine. Accordingly an im- 
portant part of the science of thermodynamics 
deals with the properties of substances in 
relation to heat, and the connection between 
such properties in any substance, especially 
in the fluid state, whether gaseous or liquid. 
Any fluid has its individual characteristics, 
but between its various properties, pressure, 
volume, temperature, internal energy, specific 
heat, and so forth, certain general relations 
hold which are true of all fluids, and are 
deduced from the fundamental laws of thermo- 
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(lynami<‘H. 'PIu'ho n'laiioiiH will ho cotiHidcrod 
iti a lal.(M* of (liis nrlicloi. 

In ju;(‘n(‘ral tln^ workinfj; HubMlaiKHv in a fluid, 
bui ii iw (S'lHV in iina^i;in(' Ji lH‘aii-(nigino whoHo 
working HubHiiaina'i is a, Hnli<l body, nay a loii,^ 
rod of tmdnJ arra.n|^(Hl io not. a,H ibo pawl 
of a rai.ob(df-\v'h(Hd wiili oloH(dy piiohod io(d>h. 
L(di i.b(^ rod bo hoabod ho iba,(. it, lonpjilionH 
Hunifi(Md.ly 1.0 <lriv(^ iho who(d forward ihrou^li 
ib<^ 8 pao<^ of ont^ tooi.b. Tluai lot tho rod bo 
oool( 8 l, Hay by applying <'old wator, iho 
ra(iob<^t-wb<Md btdng int^auwliilo bold from 
n'turning by a dobait. '’Pbo rod oti cooling 
will roiraoi. ho a,H to ongagt^ itnolf with, tho next 
HiicocMMling l.oolb, which may then b<^ drivon 
forward by hoa.t.ing iho rod again, and so on. 
d\) H('(^ ihaii Huob a, 11 ongiiu^ oould do work 
wo bav(^ only to Hiippost^ that tho ratohot- 
wluMd oanh^H round with it a drum by which 
Ui W(Mght is wound uf). ddio (kwioo foriuH a 
ooin[)l(d.(^ lumt migino, in which tho working 
HidiHtanco is a Holi<l rod, doing work in tluH oaso 
indi ihrough ol»ang(^H of volumo but ihrough 
cbang('H of kuigih. Whib^ its kmgth is in- 
onviiHing il. in (^xcuhing fon^i^ in tin' dirooi-ion 
of iiH kuigih. It. r(H‘(dv(^H luNit by being 
broiuht into ('onta,c(. wiih Homo Houro<^ of 
Ins'it ai. a. ('omparativi^ly high tmnporaturo ; 
ill lirnnHl’ormH a Hinall part of ihis boat into 
work ; and it i’(\|(U'.fH tln^ riunaindor to what 
w(' may oall a riHuuvm’ of luait, which Ih kept 
at a coinparativ(‘ly low tomporaturo. Tho 
groaior fiart of iho heat may bo said Himfdy 
tio fwiMH through tho (Miglno, from tho sonroo to 
l.ho roo(dv(u\ htwominij dcijmdvd m ro-gards 
tvmpi'mtnm in the. pn)ccm. Idiis is typical 
of tho action of all hoat-onginoH : they oon- 
V(‘rt Honu’i inuiii into work only by lotting 
down a much largcw (juantity of lioat from n 
high (l(Mnp<u'atur(^ to a nhitivoly low tompora- 
l.nm. ^riio (uigim^ wo hav(' just imaginod 
would not bo at all oirnhmt in tho thormo- 
dynamio ; iho fraction of tho heat 

Mupplitul i-o ill which it could convert into 
work would b(^ very nmall. Much greater 
(dlbdoncy <'an bo obtaiiuul by UHing a Iluid for 
working HidiHtanco and by making it act ho 
lihat its own oxpa.nHion of volumo not only 
dooH work but also cauHOH it to fall in tomfiora- 
i.uro ludon^ ii. b(‘ii.';inH to n^joct heat to tho oold 
r(Hi«dvor. 

§ (H) (lYOm*) OK OlM-llUTrONH OK Tiin WoitK- 
INO iSuiiMTANOM. lu tbo action of many 
fuMih-ongim^H and ndrigorating maclunoH the 
working HubKtanco r(dinruH piuiodloally to 
tbo HUiUK^ Hi.ato of tomp(u*ai.ur(s proHHuns 
volnnu^ and pliyHioal (umdltion. lOach time 
this ba,H ooourrtHi tho HubHtano<^ is naid to 
hav(‘ paHH(ul through a complete cycle of 
opmutioUH. hor example, in a condensing 
Ht(‘am-(uigin(^ wuiitiu* tidom from the hot-well 
is pinnpc'tl into the hoiku’ ; it then pasHOH 
into tho cylindm* aH Hioam, tlum from tho 


cylinder into the condonaor, and finally from 
the condenser hack to tho hot-well ; it com- 
})lot(w the oyolt^ hy returning to the same 
(5ondition in all respocts as at first, and is 
ready to go through tho cycle again. 

In the theory of heat-engines it is convenient 
to consider tho eyolo of operations as a whole. 
If the eyolo is complete we know that whatever 
cpiantity of heat or other energy tho substance 
contains within itself is equal to tlio quantity 
that was there to begin with, for tho state of 
the substanoe is tho same in all respects, and 
consequently any work that it has done must 
have boon done at tho expense of heat which 
it has taken in during tlio cycle. Wo can 
at once apply the jirinciplo of tho Conservation 
of Energy and say that for tho cyclic process 
as a whole tho work done must ho equivalent 
to tho dilTcrenco between tho heat taken in 
and the heat discharged. 

§ (0) Tn,:ic hutsT Lmv of Tiieemodynamics. 
--The ])rin<u])lo of tho Conservation of Energy 
in relation to heat and work may bo expressed 
in the following statement, which constitutes 
the hMrst Law of Idiermodynaniics. When 
work is done by tho ex])enditurc of heat a 
definite cpiantity of lu^at goes out of existence 
for every unit of work done ; and, conversely, 
W'hen hc.uit is produced by the expenditure of 
work the same definite quantity of heat 
comos into cxistoneo for every unit of work 
spent. Tho word “ work ” is to bo understood 
hero in a comprehemHivo sense : it includes 
electrical work as well as work done against 
a mechanism or in raising weights. Electrical 
work may bo done directly by tho expendi- 
ture of heat in a thermoelectric circuit, which 
is a true lieat-ongino though it acts without 
exhibiting any mechanical movement. 

§ (10) Intwenal Ekioeoy.— -No means exist 
by which the whole stock (,)f energy that a 
substance cimtaiiis can bo moasurod. But 
we are concerned only with changes in that 
stock, changes which may arise from tho 
substance taking in or giving out heat, or 
doing work, or having work spent upon it. 
If a Hubstatiee taki^s in heat without doing 
work, its stoelc of internal energy incrcaacs 
by an amount cipial to tho heat taken in. 
If it does work without taking in heat, it does 
tho work at tho expeiiHo of its stock of internal 
energy, and the Htock is diminished by an 
amount eipial to Iho work done. In all cases, 
when heat is being takem in and tho substance 
is at the same tiim^ doing work, we have 

Heat taken in Tluu’inal ocpiivalent of work 

done -I- Increase of Internal Energy. 

h’’or any infiniti^simally small stop in tho 
proecHH, tins oipiation may ho written in tho 
.form 

dQ "’ArW + dE, . . . (1) 

wluu’o di} iH the luMii taken in during tho 
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stop, AdW iH Uio ihonnal txpiivjilont of work 
done, and tho incnMiHo of ini(MMval oiiorji^y. 
A is tlio rec.i])rooal of tk)ulo’H (Mpiivakuit. 

In a coinploto cycle there is, at iho end, no 
change of the internal energy M, and oouho- 
quentiy for tlio eyclo as a whole, 

Q,-Q2=nAW, 

whore is the heat taken in ; Q,^ is the heat 
rejected, and AW is tho thonnal equivalent 
of tho work done. 

§ (U) Work donta in OiiANans of VoniTM'M 
OF A FijTJID. — In an engine of the usual cylinder 
and piston typo the working fluid docs 
mechanical work by changes of its volume. 
Tho amount of work done depends only on the 
relation of the pressure to the volunn^ in ihes(^ 
changes, and not on tho foi’in of the vchncI or 
vessels in which the c^hangc^s of volume talu^ 
place. Lot the intensity of ])rcHHure of tho 
fluid (that is to say the pr<\ssure on unit of 
area) ho P while tlio ■jnston niovcs forward 
through a small distance dx. 1 f the area of the 
piston is S ilic total force on it is PvS and tlu^ 
work done is PR?.-!?, But ciV, tlu^ change 
of volume : hence tho work done is VdY for 

the small change of volume 5V, or / 

A, 

for a finite change of volume from a volume Vx 
to a volume V 2 during which the pressure may 
vary. 

In any complete cycle of operations tho 
volume at tho finish is the same as at the start, 
and tho work done is J'PdV taken round tho 
cycle as a whole. 

It is very useful to represent graphically 
the work which a fluid does in changing its 
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Pig. 1. 


voJunu'. Lot a diagram bo drawn in wbudi 
tlio relation of tho pressure of any 8Up])()aed 
working suhstanoo to its volume is shown by 
rectangular co-ordinates as in .Fitj. 1. 

Boginning with tho state reprc’isonted by 
tho point A, wfiero tlio prcHsurc is AM, and 
volume OM, suppose tho substance to expand 
to a state B, where tho pressure is BN and tho 


volume ON, and h't th<^ (Uirvt^ AB ivpn^simt 
tho intemicdiaie staU^s of pressnn^ and voliinu*. 
'Pheu the work doiu^ by tb<' subslant^c in this 

/'ON 

expansion, wliii^h is / P^/Vh is r('pr<‘s<sificd 
JoM 

by the area MAUN und(^r ilu' (uirvo AIL 
Again, if tho substaiK'.e muh'rgoi's any 
oompletc cycle of change (/'h*f/. 2} by (‘xpaml- 
ing from A through ,B to () and by btung 
comjin^Hsed bac-k through 1) to A, work is 
done by it whih^ it is exiiauding from A to 
e([ual to the area MAB(JN, and work is spent 
upon it while it is ^H^ing (umiprossod from 0 



Volume 

Idu. 2. 


through 1) to A, equal to the anxi NdDAM. 
The net amount of work which ilu^ subsluinco 
docs during the cycle is (Mjual fu (h(^ dilftu*- 
once between tlioso areas : in ol.luu' words, 
it is equal to tlu^ arivx of closisl ligun^ 
ABdDA repr('H(Miting tho coniphdic cyclie 
oiioratien, which anvi is /IV/V. 

If, on the otluM’ baud, the opi'ration \V('re 
such as to lrac(^ tln^ (igure in the opponite 
direction, the substance Ixung (’ixpanded from 
A to (y through I) and compnmHl from (! to 
A tlirough Ji, the cmdosiHl au'a would In'! a 
measure of the work (expended upon the 
substance in tlio cytde. 

This method of nqircsenting the work done 
during tho opewation of an engine was uhihI 
by .James Watt, who invented an inrilruiiKMit 
called the Indicator, by means of whieh the 
engine might aut()niati(^ally di’UiW a <lingram 
roiireseuting the (diangc's of pn^sure in nda- 
tion to (diangc'is of voluimx tSiudi Ui diagram 
is acauirdingly c,all(Ml an Indicuitor lhagraiii. 

Watts Inditaitoi’ (?onsiH(.H of a small cylindc'r 
cimtaining a piston which can moves in iii 
without Hcnsihle friction but is (‘onlirolhal by 
a still spring. Tliis is |)ut in fr<M' communica 
lion with, one mid of tilt's woi'king (\ylin<l(»r of 
tlie ('tigiut^, HO that Bm workin/( sidistance 
presses on th<i indicat^or piston and disfihict'is 
it, against tlu^ sfiring, through distanct's that 
are proportional to tlu^ pivasurt^ at twtny 
instant. Oonnecitul with tlie indica,tor piston 
is a jieneil whitdi ristm or falls with it, tihe 
connection being made, in mothu'n iustrumeutB, 
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a lcv('r (hai tlx^ ni()V('nu'ntH of 

ih(' iiKlicalttr jimion a oonvt'niont inagnilioa- 
(ion. A HluM'ti of paixx* on which tho pencil 
itiurKs itH inov('ni('nlH in (^auw'd to move through 
(liMinnccH proportionaJ t.o fix’! luotiou of ilio 
pinion, and n,t right angh^H to tho path 
of lh(‘ p(nx’iL 11nm a diagram Ih drawn like 
(hat. of Fhj* 2, <‘xhihiiing a (cloned curve 
for (‘ach dotd>l(^ Htrok(^ of tlx^ ongino pinion, 
aixl with ('o-ordinaios which rt^pix'wmt tho 
changc'H of pr(^MHur<^ and clningon of volume, 
d'ho (‘HcIohimI an'a, \vh('n inlcu’prctcd by refor- 
mvK\ to Iho appropriates nesalcH of lu-oHHuro 
ami volume, nxamiire'H tho mst anx)imt of 
work <loixs in Has (mgiixs cylinthsr during tho 
doubles Hlre)ke', no fa,r an e)ms Hide e)f tho pinton 
ia cone'eu’ixxk If (Ixs emgines in de)uhl(MU*.ting 
dud' in te> nay, if (he' working HubHtanoo aedw 
aex’e«('Haiv('ly esn tins twe) niele'H of tho ongino 
pinlem during aeX'ese'HHives al reikesH - a Hinnlar 
indie'utor diagram in takem fe)r tho other end 
e)f I lies esylindor an well. 

In HontX' nx)elesrn indlesatorH tlxs nx>t.ion 
whie'h nx'aHurt'M thes variation e)f prcHHuro 
(sauHea a, Hinevll mirre)r to hes liltexl, freyrn which 
a heMVm ed' lighli in re'lleMdoel em to a phe>(o- 
gra.phie phvlo e'uri'ie'el in a, fra, men whiesh c.e)picH 
the' motion e>f the' e'ngims pinton. 'PhiH e)ptiesid 
nu'the»el of nxignifying a, ml re‘ce)reling tho 
nxdion han tins advantage of aveuding the)Ho 
('rreu'M which in nxseshanie-al inelie*a.torH arino 
from Ihe imsrtia eif the magnifying lover and 
freun tho friotiem of thes [H'neil point. 

§(I2) iNTtiHNAn dNi'iimv ok^aCiIah; Jomx'As 
Law. The Internal Mmsrgy of a given epian- 
til,y e»f a gan elespe'ixln only <m tho iemperature. 

Thin ia an infe're'nees freun thes faed. eHtablinhcel 
l)y (sxpe'rinxmtM e)f ♦leeuh'. t,ha,t wlusn a gaa 
(‘Xpanelti witlumt ehsing ('xternal work and 
without, taking in eer giving out Ix'at, and there- 
fore' witlxud, changing it a atoesk e)r iidcrnal 
e'lX'rgy. itn te'inpe'rat.tire' dex'n neet changes. 

,bMd(‘'H haw ia (e> bes regareh'd an Ht.riestly 
(rues eudy e)f imagimiry pe'rleeet gantsH : in 
any actual gaa thcres in a, alight departure 
freim it, whie-h in ve'ry Hinall imh'esd in a neuu’ly 
pe'rfexst gaw Hucb a,H’hy<h'ng(MU ddie law wan 
orighudly ('HtiibllMheel by imsaiiH of m e.xperi- 
nu'iit in' wbieeb douhs eeumeseted a vesHol A 
(A'd/. :$) esemtainlng eomproHHed gaa with 

anotlx'i* ve'HHe'l It whiesh wan e'rnpty, by meanH 
of a, pipe' wilb a eshene'd Htop-ee)eik (!. Ih)ih 
ve'HHe'la we'i'es iinme'i’He'el in a bath of water and 
w<‘re' evlhewe'el to axHUims a unifortn tern peratt ires. 
'I’lu'n llies ateip-eMie-k wa,H opeaxsel, anel the gan 
diatributeMl ilxt'lf hesiwe'esn the twei vohhoIh, 
e'Xpamling withe)nt de»ing external weirk, 
Afte'r thiH tins iesm])esrature of ihe water in 
tins bath wa,H fouixl to have tmelergono no 
appre'ciable c.hangts. Tlie temi)esraturo eif tho 
gan a,pp('nri'el nnalte'resel, aixl no hesat hael Ix'on 
take'll in eu* glve'ii out by it, anel no weirk hael 
besesu eleme by it. Simso iho gan had neither 


gainod ne)r leiHi boat, and had done no work, 
ilH intf'rnal emsrgy was tho sanro at tho end 
as at tins bogiiming of tho experiment. The 
])r(SHMnro and veilume had changed, but tho 
tern pesrature hael ne)t. The ceinclusion follows 
that tho internal energy eif a given quantity 
eif gas depemls only on its teiniioraturo, and 
not upein its pressure eir ve)lumc ; in other 
weirels, a changes eif jirossuro and veiluino not 
asseiesiate'el with a change of temperature does 
neit alter tho internal energy. Hence in any 
change eif iomjieraturo tho change of internal 
energy is ineles pendent of the relation of pressure 
to veilumo during tho eipcratiein : it dcpcnels 
emly ein tho ameiunt by which tho tomporaturo 
has hoesn changed. 

It ia neiw, heiw'ovor, known that a very slight 
change e)f tcsmjioratuvo does in fact take idace 
when a real gas expands witliemt doing work. 
In later experiments by Joule and W. Theimson 
(beird Kelvin) a more delicate method was 
adeiptod eif dcstocting whether there is any 



eihango eif iniesrnal energy when tlio pressure 
anel volume change unelesr ceinditieins such that 
esxtornal work is xxit eleme. Tho gas was 
forex'd tei pass through a poreius jihig by 
ma,iutaining a constant high iiressuro em one 
side eif the plug and a oemstant leiw pressure 
ein tiles othesr, (lare was taken te) jirovcnt 
any hesat besing gainod eir lost by ceinductiem 
freim eiutHieles. In this eipcration weirk was 
ehmo upem tho gas in forcing it up to tho plug, 
anel weirk was ehiuo by it when it passed tho 
plug, by cliHplae'ing gas imelor tho leiwesr pressure 
em tho sielo boyeiml tho ]ilug. If uei change eif 
teunpesratures texik place, anel if tho gas oeiu- 
formod tei .Beiylo's baw, IhesHO twei ejuantitics 
eif weirk weiulel bo exactly cs((ual, anel c-einsev 
<|U(sntly ne> oxtesrnal weirk woulel ho demo on 
tho wlmlo. Kor lest \\ bo the pressure and Vj 
tho veilumo besfeiro jiassing tho plug, and T2 
ihe^ pressHuro anel tins veihmu^ after passing 
Ihe^ plug, tho veilumesH besiug in both cases 
stateel iiesr unit quantity eif the gas. Then 
tho weirk ehmo upon the gas as it approaches 
tl)o plug is 1*1 V,, and the weirk elono by it as 
it hsavess ihe plug is PaV.^. If iho temperature 
is thes same em beiih sielcs those quantities 
are equal in a gas Ceir which PV is constant 
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at any ono tempcraturo. Thus a gas whioh 
is “ perfect ” in the sense that it conforms 
strictly both to Boyle’s Law and to Joule’s 
would in its passage of the phig have expanded 
without (on the whole) doing any work, aiid 
therefore without changing its internal energy, 
no heat being gained or lost. In such a gas 
no change of temperature should acoordingly 
be found, as it passes the plug, and if a change 
of temx^crature is observed in any real gas 
it is due to the fact that real gases are not 
strictly “ perfect.” 

In the experiments of Joule and Thomson 
small changes of temperature wore in fact 
detected and measured in air and other real 
gases, on passing the. porous plug. This 
Joulo-Thomson effect, as it is called, is in 
general a cooling. Observations of the Joule- 
Thomson effect are of great value in deter- 
mining exactly the properties of gases and 
vapours which arc not perfect ; and certain 
practical methods of liquefying gases under 
extreme cold depend upon the existence of 
this effect. 

In the imaginary perfect gas, however, the 
Jople-Thomson effect is entirely absent. 
There is no change of temperature in passing 
the plug, and there is also no change of 
internal energy, for no work is done and (by 
assumption) no heat is taken in or given 
out. 

It is important to notice that wo assume 
the imaginary perfect gas to satisfy two 
conditions : it obeys Boyle’s Law exactly and 
also Joule’s Law exactly. Those character- 
istics are independent of ono another: it 
would be possible to have a gas satisfy one 
and not the other, hut a gas is said to be 
perfect in the thermodynamic sense only 
when it satisfies both, and in that case certain 
other properties follow whioh will now bo 
pointed out. 

§ (13) Specipio Heats. — The Spocifio Heat 
of any substance moans the amount of heat 
required per degree to raise the tompOTuturo 
of unit quantity of the substance, under any 
assumed mode of heating. Thus when a 
substance is heated through a small inteiwal 
of temperature dT the heat taken in (ixu* 
unit quantity) is Kr/T, where K is the Hpocufi(? 
heat for the particular conditions and mode 
of heating. In dealing ■‘vith gases or other 
fluids two im])ortant modes of heating must 
be distinguished : wo may heat them under 
conditions of constant pressure or of constant 
volume. Wo shall use the symbol K^, to 
reproHcmt Ri>ocific heat at constant pressure, 
and t(j represent specific heat at constant 
volume. 

Suppose any fluid to bo heated through 
a small interval of ioni])oraturc dT. If the 
heating is at constant volume, the heat 
taken in is K^dT and all of it goes to increase 


the stock of internal ouc'rgy. lleiuH^ in lu'aLng 
at constant volunu^ the iiHu'c'jisi^ of inltM'naJ 
energy K,,</T. If ilu^ Inviting is at 

constant ])r(‘ssm’e 1*, ilu’ongh tlu^ satins inlcvval 
of temperature, the h<vit- ialom in is K^//T. 
Only part of tins luvit; g(u^s to inonviso the 
stock of internal energy, for part of iti is us(mI 
in doing external work, Hine(\ to kivq) the 
])rossure constant, the tluid has tio expand 
through some amount (IV. Tlu> (^xtmvial work 
done is VdV and its thermal ecpiivahvit is 
ABdV. Ileneo in heating at conslanti [n’essun^ 
the increnso of internal energy is givmi by 
(ZE-Kj/T-AlW. 

Apply these restilts to a })erfcct gas. By 
Joule’s Law the intenial enewgy of a perfoet 
gas depends only on the tomp<^raturo, and 
thoreforo is the same in both modc'S of 
heating. Further, situie in such a gas IW Il/P, 
IkiV-- rfhf P when P is constant. Ihviee in 
a perfect gas 

K,c/T K/fT AIWi: 
or "AR, 

Tims fora perhvdrgas wo hav(' th<^ important 
rclatioii between tlu^ two sptvntio heats 

AH, ... (2) 

which follows from the Laws of IJoyle aiul of 
Joule. 

It follows also tluit in a jxwhudi gn,s hot.h 
the speoillc heats are (xitistanti if one of them 
is constant. To be constant the spivltii^ Invit 
has to be indepemh^ut lK)th of the pn^ssure 
and of the tom })e rain re. Hy .Joule's Law th(^ 
change of internal (viergy in a p(wf(Hd( gas 
for a given change of tcunporatuns is tlu^ sanu^ 
whatever he the pressure : heiu^o in sutli a 
gas the Bpocilic heats aix^ the same at all pn^ss- 
uros. There is, however, iiothing in tlu^ l.awH 
of Boylo or of Joule to determine whether the 
specific heats arc the same at all tcmipiwatures, 
Kxx)orimout shows that in some gases tJuTo is 
much variation of speeifio heat with tcTnfxwa- 
turo (although the gas may Jx^ luvirly pcwhuit) 
and in others ilnwe is ])ra.clloalIy no[i(x For 
tlie purpose of tlxx’imxlynamio nvisoning \l 
is very uscJul to think of n. gas wliich is 
not only p(u‘f(H‘t in the siaisi^ of oonforaiing 
exactly to the l^aavs of Uoyli^ aixl of Joule 
but also has constant spivitic Invits, Hudi 
an imaginary gas forms a. eonv('ni(Mi(i Hcadold- 
ing liy the hilj) of vvludi \v(^ may most, (easily 
build up Uu^ theory of th(‘rmodyimmi<is, hut 
it is nothing more than a eonwmiiMit Hcatfold- 
ing, which has nothing to do with tlu^ stahility 
of tlic completed w'ork. In what follows we 
sliall make this temporary nsi^ of an idivil 
gas, as the sujifxmed working HnhHla,nce of an 
ideal heat-engine, in ordiw to arrivi^ at con- 
elusions whieh, as will be shown, Jiavo a (pute 
general apxilication. 
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§ (14) Reversible Actions, — The next step 
is to consider particular modes in which a 
working substance may be expanded or com- 
pressed and may talce in or give out heat, and 
at the outset it is important to distinguish 
between actions that are reversible and those 
that are irreversible. 

An expansion or compression is reversible 
if it is carried out in such a manner that the 
operation can be reversed, with the result 
that the substance will pass back through 
all the stages through which it has passed 
during the expansion or compression and be 
in the same condition in all respects at each 
corresponding stage in both processes. 

This implies that the substance must 
ex])and smoothly, without setting up any 
motions within itself of a kind such that 
their kinetic energy is frittered down into 
heat through internal friction. The whirls 
and eddies wliich occur in the cylinder of an 
engine are irreversible, and in ideal revers- 
ible expansion we must suppose them absent. 
Reversible expansion implies that there are 
no losses of mechanical effect from any sort 
of internal friction. It excludes throttling, 
such as occurs when a substance expands 
through a valve or other constricted opening 
into a region of lower pressure where the 
kinetic energy of the stream and eddies is 
dissipated. In such cases the motion of the 
stream and eddies cannot be reversed. To 
get the substance back to the region of higher 
pressure would require an expenditure of 
more work than was done by the substance 
during its expansion, and if we were to force 
it back we slunild find it had gained heat 
through the subsidence of the internal eddying 
motions, fthough no heat had come in from 
outside. 

A ti’ansfer of heat to or from any substance 
is reversible only if the substance is at the 
same temperature as the body from which 
it is taking heat or to which it is giving heat. 
Sup])08e, for instance, that a substance is 
taking in boat from a hot source and is expand- 
ing as it does so. The expansion may be 
reversible in itsfdf, that is to say, it may 
involve no internal friction, but unless the 
temperature of the substance be the same 
as that of the source, the operation as a 
whole — considered in its relation to the source 
— cannot bo reversed. So considered it is 
reversible only w'ben the further condition is 
fulfilled that compression of the substance 
will reverse the transfer of heat, giving back 
to the source the heat that was taken from 
it. Any thermal contact between bodies at 
difleront temperariires involves an irreversible 
transfer of heat. 

The expansions and compressions and the 
transfers of heat that occur in a real engine 
are never strictly reversible, some of them 


indeed are far from being reversible. But 
the study of an ideal engine, in which all the 
operations are reversible, is of fundamental 
importance in the science of thermod5mamics, 
and it furnishes a basis for the critical analysis 
of actions in a real engine. 

§ (15) Adiabatic Expansion. — There are 
two specially important kinds of reversible 
expansion; (1) Anabatic and (2) Isothermal. 

Adiabatic expansion or compression means 
expansion or compression, carried out revers- 
ibly, in which no heat is allowed to enter or 
leave the substance. A curve drawn to show 
the relation of pressure to volume during the 
process is called an adiabatic line. Adiabatic 
action would be realised if we had a substance 
expanding, or being compressed, without 
change of chemical constitution, and without 
any eddying motions, in a cylinder which 
(along with the piston) was totally impervious 
to heat. From this definition it follows that 
the work which a substance does while it is 
expanding adiabatically is all done at the 
expense of its stock of internal energy ; and 
the work which is spent upon a substance 
while it is being compressed adiabatically all 
goes to increase its stock of internal energy. 

In actual heat-engines the action is never 
strictly adiabatic, for there are always some 
exchanges of heat between the working sub- 
stance and the surface of the cylinder and 
piston. Very rapid compression or expansion 
may come near to being adiabatic by giving 
little time for any transfer of heat to occur. 
Expansion through a throttle-valve is not 
adiabatic, because it is not reversible, though 
it may occur .in such a way that no heat 
enters or leaves the substance. 

In the adiabatic expansion of any substance 
work is done, and since no heat is taken in or 
given out, there must be a decrease of internal 
energy equivalent to the amount of the work 
done by the substance. 

Accordingly, in the adiabatic expansion of 
any fluid 

cZE= - APc?V. 

Here, as before, dlW is the work done, and 
A is the factor required to convert an expres- 
sion for work units into heat units. When 
this is applied to a perfect gas, in which 
ciE=K,dT and PV = RT, we obtain the 
equation 

AR-y--hK„^ =0. 

If we assume the specific heat to be constant, 
this gives on integration 

AR log,. V -f-Ky log,. T = constant. 

Writing for AR (§ (13)) and dividing 

by Ky this becomes 

- 1) log, V +log, T =constant, 
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or, using 7 to roproaonl tlio niiio of tho Hpinnlic. 
heats 

(7-1) log, V + log, T ^^oonstaut. . (3) 

Further, since PV/T ia constant \v<^ hav(^ 
log, P + log, V -logc T ' constant, 
and adding the two equations 


assigned t>(utip(M*adun% is a na-.t, angular hyp(M’- 
hola. The work doin' in tlu^ (expansion is 

w .j'Vrfv i’,v,| t',v, i.if!, 'X 

whieh may also Ix^ writiiai 

W RXli.ftT”- ■■•(«) 

' 1 


loge V -h 7 V -^constant, 
which gives 

PV'^- constant . 


(4) 


as the equation connecting pressure and 
volume in the adiabatic expansion of a poi-foct 
gas with (‘.onstant spccilic heat. In otlicw 
words, this is the equation of an adiabatic 
lino, for such a gas, on the pressure- voUimo 
diagram. 

In adiabatic ex[)aTision the temperature of 
the gas falls and in adiabatic compression it 
rises. -By integrating oipiation ' (3), 


constant, . - (5) 


and by combining tiiat with equation (4), and 
eliminating V, 

X/P 7 = constant. . . (0) 

The work done in expanding from an initial 
volume Vi to a volume V^, which for any 

fluid is I '^PdV, becomes, for the adiabatic 

expansion of a perfect gas, 


W=PiVi' 


r 

./y, 


yV 7-1 


(7) 




It follows also that this expression, multiplied 
by A, measures the decrease of internal 
energy that results from tlio expansion. In 
adiabatic oomiirossion from volume to 
volume Vi this measures the work spout in 
compressing the gas. 

§ (10) Isothermal KxrANsroN.—Tsothormal 
expansion or comprossion means expansion 
or compression carried out reversibly (as 
regards internal action) and without change 
of temperature. A curve drawn to show tlu^ 
relation of pressure to volume during iso- 
thermal expansion or compression is calhxl 
an isothermal lino. 

When a substance is expanding isother- 
Tiially it takes in heat to maintain its tem- 
perature oonstani ; it therefore must 1 ><^ in 
contact with a sourcu^ of heat. When it is 
being compressed isothormally it gives out 
Jieat, and must he in contact with a receiver 
which can take lu^at from it. 

When a p<u*f(H)t gas expands isothtM'mally 
PV is constant, and lienco its isothermal line 
on the pressure- volume) diagram, for any 


where 'V is the eoustaid- Umiperature at which 
the procu^HS takes placHX If wo deiiob^ tilu^ 
ratio of isothermal (expansion by r, this may 
howriMon vV ■ RT log, 


This also measuros the work done iu isothermal 
compression from volume i^o volume Vi. 
There is no changes of internal energy, an<l 
conscHiuently during isothertnal (expansion ibe 
gas must take in a (luantiiiy of lu'at (MpiivMhmt 
to the work it do(^s : ami during isothermal 
comproHsion the gas must giv(' ou(i a (puintlty 
of heat equivalent to th(> work spc'id upon it. 

§ (17) The Sio(ioni) Law ok TitMiuto- 
UYNAMios. — We are now in a {losiLon to (h'ld 
with the following fundiunental (lucstioiis of 
heat-engine eHiciency ; 

(1) Having given a hot sourt^e from whieh 
heat may bo tak(m, and a cold sink or receiver 
to which boat may b(' nqeetod, how may 
th<^ gimtest amount of mt'ehanii'a.l woi'k be 
dom^ by each unit of luvit tbut is (iak<'n from 
the hot Hi)ur<H^ ? 

(2) Wliati fraction of the luMit l-akeii from 
the hot Hour(!(^ is i(. Un'orotically possibh' to 
eonv(u’t into work ? 

So far as th(^ Pirst Law of 33i(wmodynaiui(^H 
goes, it is not obvious that tlnu’t' is anything 
to prevetdi all th(^ luiat which the Hourei'i 
can Hiqiply from being couvm’ied into work. 
But a limit is im|)oH(Hl as a (‘.ouMiMpuMiee of 
the following principle, whieh is known as tln^ 
fjdfv of Thc.rmodynamivH ; 

II ift inipo-'^mhh' for a Mrlf^adihg tn<u'hin<\ 
nmtided hy any vxletnal ayrncy^ to ronrry hvat 
from o\u>, body to anotkv.r at a hlyhvr fnnprratior. 

The Second Laav says, in (db'ct, tlud. IkmiIi 
will not pass up automatically fi'orn a, <u>l<l 
body to a wa.rrm'r omx We can it. (o 

pass up, as in tlu^ action of a^ ntrigiu'a ting 
machim\ l)ut only by applying an '''<s\(ernal 
agency” to <lnv(' th() marhim'. A lu'at 
engine acts by halting hi'ut pass <h»wn from 
a liot body to a, colder body, by making tin*) 
working substanei'i nb-m'nat<'ly take in Inait 
from the holi body and nqi'ct Ixait to the cold 
body, atid ihen^by unihM’go ('Xpansiomi ami 
eontraciions in which its pri'SHure is «)n th<^ 
whole greater during expansion than during 
contraction, witrh tins ri'Hulti that a part of 
the hoati that is pa^ssing down through tho 
engine is conviwted into work. In couhc- 
quenee of the Seeoml Law it is oidy a certain 
fraction of the whole heat Huptilknl by tlu^ Init 
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body that can be converted into work by any 
such process. 

§ (18) Reversible Heat-engine. CarnoVs 
Cycle of Operations . — To the first of the above 
two questions a correct answer was given by 
Sadi Carnot in a remarkable essay, published 
in 1824, entitled “ Reflexions sur la puissance 
motrice du feu et sur les machines propres a 
developper cette puissance,” which may be 
said to have laid the foundation of thermo- 
dynamics. Carnot pointed out that the 
greatest possible amount of work was to be 
obtained by letting the heat pass from the 
source to the receiver through an engine 
working in a strictly reversible manner, not 
only as regards its own internal actions but 
also as regards the transfer of heat to it 
from the source and from it to the receiver. 
The engine conceived by Carnot is an ideal 
engine every one of whose operations is 
reversible. Its cycle consists of these four 
reversible operations : 

(1) Isothermal expansion during which the 
working substance is at the temperature of 
the hot source (TJ. During this operation 
heat is taken in reversibly from the hot 
source. 

(2) Adiabatic expansion, during which the 
temperature of the working substance falls 
from Ti to Tg (the temperature of the re- 
ceiver). 

(3) Isothermal compression at the tempera- 
ture of the receiver. During this operation 
heat is rejected reversibly to the receiver. 

(4) Adiabatic compression by which the 
temperature of the working substance is 
raised from Ta to T^. This completes the 
cycle by bringing the substance back to the 
condition in which it was assumed to be at 
the beginning of the first operation. 

In the cycle as a whole work is done by 
the substance, the average pressure in (1) and 
(2) being greater than in (3) and (4). 

This cycle of operations, which is known 
as Ctamot’s entirely reversible. The 

working substance might be forced to go 
through it in the roveraed direction, taking ! 
in heat from the cold body and giving out | 
h(‘,at to the hot body. The transfers of heat 
would be exactly reversed, and at every 
stage the pressure and volume and tempera- 
ture of the substance would be the same as 
when working direct. The work spent upon 
it would be equal to the work got from it 
in the direct action. Carnot’s ideal engine 
accordingly affords a strictly reversible moans 
of lotting heat down from the hot source to 
the cold receiver. The reasoning by which 
he showed that no heat-engine can utilise 
heat more completely is substantially as 
follows. 

To prove that no other heat-engine, working 
between the same source and receiver of heat. 


can do the same amount of mechanical work 
as a reversible engine by taking in a smaller 
quantity of heat, suppose there are two heat- 
engines R and S, one of which (R) is reversible, 
working between the same hot body or source 
of heat and cold body or receiver of heat, 
and each producing the same amount of 
mechanical work. Let Q be the quantity of 
heat which R takes in from the hot body. 
Now if R be reversed it wiU, by the expenditure 
on it of the same amount of work, give to the 
hot body the amount of heat it formerly 
took from it, namely Q. For this purpose 
set the engine S to drive R reversed. The 
work which S produces is just sufficient to 
drive R, and the two machines (S driving R) 
form together a self-acting machine unaided 
by any external agency. One of the two, 
namely S, takes heat from the hot body, and 
the other, R, which is reversible, gives back 
to the hot body the amount of heat Q. Now 
if S could do its work by taking less heat than 
Q from the hot body the hot body would on 
the whole gain heat. No w'ork is being done 
on the system from outside, nor is any heat 
supplied from other sources, so whatever heat 
the hot body gains must come from the cold 
body. Therefore, if S could do as much work 
as the reversible engine R, with a smaller 
supply of heat, we should be able to arrange 
a purely self-acting machine through which 
heat would continuously pass up from a cold 
body 'to a hot body. This would be a viola- 
tion of the Second Law of Thermodynamics. 

The conclusion is that S cannot do the same 
amount of work with a smaller supply of heat 
than a reversible engine ; or, in modem lan- 
guage, that no other engine can be more 
efficient than a reversible engine, when they 
both work between the same two tempera- 
tures in source and receiver. 

Further, let both engines be reversible. 
Then the same argument shows that each 
cannot bo more efficient than the other. 
Hence all reversible engines taking in and 
rejeeting' heat at the same two temperatures 
are equally efficient. 

§ (19) Reversibility the Criterion or 
Perfection in a Heat-engine. — These results 
imply that, in the thermodynamic sense, 
reversibility is the criterion of what may be 
called perfection in a heat-engine. A revers- 
ible heat-engine is perfect in the sense that it 
cannot be improved on as regards efficiency : 
no other engine taking in and rejecting heat 
at the same two temperatures can obtain from 
the heat taken in a greater proportion of 
mechanical effect. Moreover, if this criterion 
be satisfied, it is, as regards efficiency, a 
matter of complete indifference what is the 
nature of the working substance or what, 
in other respects, is the mode of the engine’s 
action. 
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ft ia therofi)i'c^ a coinploto auawor t.<) iho 
lirst question in § (17) to aay that the f^reatoist 
amount of work that ia thoorotically obtain- 
able from each unit of heat will bo got by 
su])})lying the heat to an engine whic‘,h works 
in such a way that every one of its operations 
is rovoraiblo. 

§ (20) Effioxentiy of a RtWEiisruLE IIrat- 
XiNGiNE. — The second question could not bo 
answered by Oarnot because in his time the 
doctrine of the Conservation of Energy was 
unlaxown, and it was not recognised that part 
of the heat disappojirs, as heat, in passing 
through the engine. Oarnot realised that 
work is done by an engine through the agency 
of heat, but lu^ did not know that it is done 
by the conversion of heat. Tt is remarkable 
that he was nevertheless able to conceive 

the idea of a 
reversible en- 
gine and to see 
that it is the 



% b’lG. 4. — Carnot’s Cycle, with a Uas for 

Cy, Huhstanco. 

V 

most effoctivo possible means of get- 
ting work done through the agency of 
heat. His argument as to this is ])ei*foetly 
valid though it makes no use of the First 
Law of Thermodynamics. Tt is, moreover, 
quite general. There is no assun\])tion in 
it as to the properties of any substance, nor 
as to the nature of heat, nor as to the way 
in which tom])Graturo is to be measured. 
All that ho assumes about the temperatures 
of the source and the receiver is that one 
is hotter than the other. 

But for the purpose of answering the 
second question wo sliall in the first place 
deal with one particular rovcrsihlo lioat- 
ongine, namely a reversible engine which has 
for working substance a perfect gas with 
constant sfiecu'fio heat, and shall calculate 
its eiricienoy with the help of the results 
already obtained for such a gas. 
fSiqiposo tliat the cycTe is peiformod in 


an ideal (‘iigino W'ith a cylinder and piston 
e.omposed of ])erfoeHy non-comhuding material, 
except as regards the bottom of the (\vlin(Un', 
which is a conductor. Imagiiu^ also a hot 
body or indclinitely cuipacious source of lunit 

A, kept always ati a temperature^ 3’,, also 
a perfectly non-eondueiing e(>v(M’ .B, and a 
cold body or indeiinitely eapniciouH r(H'('iv(‘r of 
beat (1, kept always at soine hMuixM'atnix'i 
which is lower than It is supposial that A 
or B or (i can he ap])lit'd at will to the bol toni 
of the eylindcM'. Lit the (\vlimler eonlaau 
unit quantity of the gas at tmnperatun^ 
volume V,,., and pressure B,,, to begin with. 
The HudixoH refer to the points u, r, and d 
on the indicator diagram, AhV/. 4. IfhtM'e ar(^ 
four succcbsive operations : 

(1) Aiiply A, and allow tlie piston to advaxuH^ 
slowly through any c.onvimimiti distanee. MMus 
gas expamls isothermaJly aii 3’,, taking in h<‘aT/ 
from the hot houi‘(h'i A and doing work, d’lie 
pressure change's to B/, and thc' voluimi to 
V/,. This operation is roprewntod by the 
line ah, 

(2) Beuiovo A and apply B. Allow the 
piston to go on advancing. Thc^ gas (expands 
adiahatically, doing work at th(^ (^xpenise of 
its internal energy, and the tennperature 
falls. Lot tliis go on until the t(nn|KM'n,turi' 

is 'Tjj. pr(‘HSurt^ is tluMi 

B,., a.nd the volunu^ V,,. d^iis 

optu'atioii is i’(q)n\s(ait(vl by tlm 
a line Ac. 

(3) Betnove and apply (■* 

rt! Foreu^ the piston hack slowly, 
’’riu^ gas is eom)>r<‘HH('d isotlxTin- 
ally at sinec^ the smalh^st 
inercaso of temfxwatnn^ above 
Ta causes lu'at to pass into (k 
Working Work is spent uixm the gas, 

and boat is rejected to tlu^ e()Ul 
receiver (k Led ibis Ix^ con- 
tinued until a certain point d is reevclicd, 
such that the^ fourth eiperation will cornphde 
the cycle. 

(4) Eemiove (1 and apply B. (hntinia^ the 
ejoinjircssion, which is now adiahatie^. Tlu^ 
pressure and teunpe'ratiuio rise^ and if the^ 
point d has beem propeuiy ehoseai, wIkmi tlu'i 
iU’CHSure is reist^ored t,o it^s original value 

B, „ the t('mp(u*aiure will also hav<^ risi'H to 
its original value This conifjhdeH the^ 
cjyclo. 

To find the proper place at whiedi to stop 
the third operation, W(' haven, by expuition (5), 
for the cexding during adiabatic expansion 
in the second openration, 

lV,./V„)y- ' ■ 'L’„/T„ 'IV'I'.. 

and also, for the healing deiring the fourth 
oixnration, 
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ilxMico 

and Unn’idon^ uImo 

V./V. -v,/v,,. 


The efiiciency of any lieat-onginie may b© 
writtm 

Qi QV 


I iH to Huy, UK'S ratio of iHolherinal 
(M)in|)roHHion in the third operation of tho 
<yoIo ia in l)o made e(|ua! i.o the ratio of 
iHotfu'i’nial expannion in tho (irnt ojX'ration, 
in ordin* tl\at an adiabaiiii'. lino tiu'ongli d Hhall 
(x)ini)l(d.o tho (y(^lo. For brevity wo shall 
(h'lioio. tlu’i ratio of isothcn'inal {’ixpansion or 
<'oinprossion by r. 

Tb(^ f(>llowing an^ tlio transfors of boat to 
and from Iho working gas, in tho four opora- 
i'ions of tJnv (^yolo : 

(1) H(‘at iakon in from A -ARTj log,, r. 

(2) No lu'at talnai in or rojootod, 

(2) Ih'nt rvji^oiod to C AUT^ log,, -r. 

(’() No iK'afi tak<ai in or r'oj(H*t(xl. 

tho uid- amount of boat oonvortod 
iido work, h(\ing tiio okci'hh of tho boat iabon 
in above tlu^ luait r(\jo(dvd, in tho ooinj)lcto 
<!y(’l<‘, i.M 

AR.Cl\ 'r,)log.,f. 


and thci (‘nioiiMU-y of tli(» oy<5l(\ nanndy tho 
fraot ion 

lloid/ (M)nv(niod into work 
I lojd» l.ak('n in ' 

IK nroordingly 


AIt(l\ Tajlog^r 

ARd\log,r ■ 1\ • 

Ibit by (larnot's priimifilo all rcvcrsiblo 
luMtt-'CmgiiioH taking in and rojooting boat at 
tJu' HauK^ (-wo hnnporatun'H aro equally 
(^IJioiimli. (bmoo tho exproHsion 


'I'l 


moaHun'H tho (dlioiiMmy of ani/ revorHibb^ 
final' " <Migino an<( thoroforo ako oxproHKOH 
tho largi'Ht fraotion of ibo boat HUppliod that 
oaii poHHifily ho oonvortod into w'ork by any 
<*ugin<i whatovi'r, o(anviting fxd'W'ocn tboHo 
limitM of tmnporaturo, wliatovor lio tho work- 
ing HuhHtn.no.o, 

'I'luH Ik tho nuMiHiiro of [xwfeot onicionoy: 
il' in i'h(^ tlioondiioal limit lioyond which tho 
tdVu’ionoy of a hoat-ongino oannot go. No 
(Migino <'an oouooivalily HurpauM tliiM Ktandard, 
and m a matba’ of fact any real engine falls 
Hhort of it, hocauHO no n'al engine iw strictly 
rovorHihlo. 

may alHo be stated, with 
for any rovorsiblo engine, 


d'he conclusion 
e(|iiai generality, 
in tlie form 


Q.i 


TV 


( 0 ) 


when' b), is the heat taken, in hy tho onginci 
from the sonree at dV inid Q,jj is tho heat 
rojeoiod hy it to the receiver at dV 


whether the engine be reversible or not. In 
a reversible engine, or as we may call it a 
thermodynamioally ])erfect engine, this be- 

1 -T,/T, . 


In an engine which falls short of roversi- 
hiliiy a smaller fraction of the heat supplied 
is converted into work, and the heat rejected 
is relatively larger; Q^/To is greater than 
Qi/^ri- 

§ (21) Absolute Zero of Temperature. — 
dTie zero from which Tj and are measured 
is the zero of the gas thermometer, w'hich was 
delined as the tempcratui'e at which the volume 
of tho gas w'ould vanish if the same law of 
expansion continued to ap])Iy. But we can 
now give it another meaning. Taking the 
above exiiression for tho efliciency of a 
reversible lioat-cngino, l-Ta/T^, we see that 
if tho cold receiver were at the temperature 
of tho ahsoluto zero (so that T2=0) the 
elliciiuicy would be o(}ual to 1 ; in other words, 
all tho heat su])])Hccl to the engine would be 
converted into work. It is clearly impossible 
to imagine a receiver colder than that, for it 
would make tho cilicien(y greater than 1 and 
thereby violate the First Law of Thermo- 
dynanii('8 by making tho amount of work dime 
greater than tho boat supplied. Hence the 
zero of tho ])orfoct gas scale is also an absolute 
thormodynamic zero, a temiiorature so low 
that it is inconceivable on thormodynamic 
grounds that there can be any lower tempera- 
ture (compare § ( 4 )). 

§ ( 22 ) TllEHMODYNAMIO ScAliE OF TeMPERA- 
TUBiQ. — “It was lirst pointed out by Lord Kelvin 
that thermodynamic principles allow a scale 
of tomporaturo to l)o defined which is indepen- 
dent of tho jn’ojiortioa of any ]>articular sub- 
stanoe, real or imaginary. In tho foregoing 
argument wo have based the measurement of 
tomperatur© on the properties of a perfect 
gas, taking a scale in which tho degrees, that 
is to say the intervals of temperature which 
are calletl o<|ual, correspond to equal amounts 
of oxfiansion on tho part of a perfect gas 
kept at constant pressure. Using tliis scale 
wo have scon that a rovorsiblo engine which 
works between the limits T\ and Tg, and takes 
in any quantity of heat Qjl at T^, rejects at 
Ta a quantity (^2 equal to QiTg/T^, and has an 
ofHeioncy equal to (T^ - 

Now imagine that the heat Q.^ which is 
rej(‘.otc(l by this engine forms the supply of 
a Hocond reversible engine taking in heat at 
and rejecting boat at a lower temperature T3, 
such that tho interval of temperature through 
which it works (Tg-Tg) is tho same as the 
interval through which the first engine works 
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(Ti-Tjj). (lall each of ihcHO intorvalH AT, 
Let the heat Q;, rojooied hy i\m HOiioiul 
engino pawH on to form tln'i anp[)ly a third 
rovorsible on{j;ine, workhig iiliroii^h an (Hpial 
interval AL and rojeeting heat ()„i to a fourth 
roverHihlc engine, and ho on. We. imagine 
a BcricH of engincH, every one of whu^h in 
rovcrKible, each T)aHHing on it,H r(\ie(ded heat 
to form the supply of the next engine in 
the HoricH, and oacdi working througli thc^ 
same number of degreoH on the perfee.t gaH | 
ihormometor, AT. ddio efiiciomucs of the 
BuccoHsivo onginoa are 

ATfli, AT/T,, AT/Ta, etc.. 

The amounts of boat Hupplied to them are 

Qi, Q 2 -QiT/L\, Qa-QA/Ta QxVn 

Multiply in eaeh caH('i tlu'i h(‘at i(Hk(MTi in by the 
efficiency to lind ilu^ amount of work done by 
each engine in tlie hoiL'H, and we lind that the 
amount of work done in the Hamo for all the 
engines, namely 

QxAT 

T,'* 

Accordingly, we might delino tho ini.orval 
of temperature for each engine, without 
roforonoc to a ])orfoct gaa or to any other 
ihormomotrio substance, as that interval 
■which makes every engine in the wn-ies do tho 
same amount of wcu'k ; and if wt‘. do so wo get 
a scale of temperature which is identic^al wilh 
tho scale of tho perfect gas thermometer. ''.IduiH 
wo not only got a thermodynamic scale of 
temperature, but we (ind that its divisions 
agree exactly with tliose which coiTes[)ond to 
ecxual amounts of expansion on the part of a 
perfect gas. 

Tho above method of obtaining a tlawnu)- 
dynamic scale of tomporaturo may be put thus : 
Starting from any arbitrary oonditioti of 
teinponituni at which w(^ may imagine heat to 
be Hupplied, let a seik^s of inb^rvals Ik^ taken, 
such tliat e(pial amounts of work will be done 
by every one of a scri(>)H of rovf'rsibU^ <‘ngin(‘s, 
each working with one of tlu^HC intervjils for 
its range, and each handing on to tho (^ngini'i 
below it tlio lu^ai. whic-h it r(^j(‘e,tH, so that the 
heat rejeciiod by the lirst forniH the supply of 
the sc^cond, and so on. 'I'hou c-all tliese 
intervals of iemt>(u'atur(^ ocpial. Whn.t th(i 
above ])n)(»f shows is that the intervals so 
doruH^d to ho o(inn,l an^ also o(Hial when 
uu^asunMl on tho of iho ]>orfo(5t gas- 

th<'rmomol(‘r ; in otiior won Is, tho tluu’mo- 
<lynamic S(udo and the pcM’fec.t gas soah^ oo- 
incid(^ at (‘V(‘ry stof). 'Tlu^ symbol T^ wluoh 
up to this point has stood for tomporaturo 
nu'iaisunul on tho h<ui1o of a peuk^d- gas tfuu'mo- 
incdior, may now Ih^ inierpud-tnl as repnwmting 
absolute tomjxuuturo on tho thormodynarnio 


soalo, and is to b(^ so un(l(‘rHl(Ktd in v hat 
follows. 

§(2:l) .Rwvwrsuu-k Lvoom in which 11 hat 

IS TAKION IN AT VaUIOHS '^PlOM IM'lllATH RMS. 

In (Wnot’s eyeh' ili was assuim'd that th(‘r<' 
was only oiu" souroo a.n<l onoi ih'ciLum’ ol lu^nt-. 
All tlio'luMit iimt was iak(av in was ialo'n in 
a,t Ti ; all ilu^ heat thnl- was irjiadiMl was 
n^joetiul at T.., Bui. an ('iigim' may in 
heat in stages’ ad more (emporntuirs than on<\ 
and may also r(^j<H't lunit in stages. With 
regard to eveay (juuintity of Is'at. so taken in 
t;he iTHult still appli(‘S that, tlu^ giralest 
fraction of it that ean he <*,onv(Tt(Ml into work 
is lepresonted by tb(‘ diffi'renci' Ixdweim its 
temp<M*atur(‘H of nxH'ption and n^jixdlon, 
divided by tbe absolute lemperatain^ of 
ri'ooptiou. And this is tlu'i frac-tilun that' will 
he oonvertixl into work providi'd tlu' pi’o- 
cesHOH within th(' engine an^ nw-orsibh'. 

Thus l(d n^pri^sont that ]mvl of tho 
Avholo supply of lumd whioh is tnkmi in at 
and lot Qa reprosimt what is takim in 
at some other tern })(U’atti n't T.,, (^bj what, is 
taken in at Tj„ ami so on; and h't T„ bo 
the tompia-aturo at which the engine leji'ots 
luMit; then tho whoh^ work done, if ilu^ 
engine bo rcworsihlo, is 


W. 


Qi(Tt To) , Q,a(T, * To) ,Qu(T:>-To) 
■■ 'l\ '!’» ■' T„ 


(de. 


Wo have takim 1 um‘(\ lor simplicity uf state" 
mont, a. singli' t,(mip(U’at'Hr(' ol rc'jts'l ion T,,. 

Another way <>f putting Hut matter has a 
wider a'jjplutation. lud tlu> (tngino as Ixdoie 
t'ako in (piantitii's of lu'at' n'piesniL'd by (),, 
Qo, Q.,, (de., ad d’,, d\., T.,, and hd, it. lejind. 
h(‘ad at T\ T\ T"\ (tie., l.lut ipiantitioH n'ji^'led 
luting r(tHp<'(d.iv(tly ()', <‘ 1 . 0 . ddion by 

dbo pruudplo dbai in a rovorsihh^ cyoht ttu‘ 
heat r(‘jo(ded is to dlut luMit talutn in as tlu' 
absolute tiunporaduro of ntjiHdlon is t.o tlut 
absolute temperatun^ of nxutpiitm, W(t liavo 


Q' , Q." , Q." 

T' ‘ T^' ' T" 

from vvhi(tb 




d'. 


Int 




wlum the summadiou is (tlb'ctitd all round 
tlut r(‘versihle (tyi'ht. In this siimmatiou 
h<tat talom in is ris'koiuMl as positivtt and 
lu'ad r(‘jeot(td as iu‘galiv(t, If tlm oycht h(t 
not nwitrsibh', Hut lutaf. n‘j<M'te<l will ho 
nthil.ivttly gri'aditr, and Hutntforo, for a. non* 
ntvorsihUt oyt'ht, «(()/T) will a lutgadivut 
(juantity. 

Some of Hh^ prooiMist's may Ixt sueh that 
changes of l(tmp<tra.turo are g<ang on oon» 
tinuously whiltt heat is being tnkmi in or giv(*n 
out, and if so tlut nutopHon or roj(t(tHon of 
heat oamudi hit divid<td into a. limited numlutr 
of stops, as has beam domt abov(t, But tho 
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(Mjiiat.ioii fora. r(‘V(‘rwil)lc may Ix' H(laj)iod 
lo th<' mtmt ,L':<ni(a'al aaw^ f»y writing it 



inl.ogra,ii(m Ixang jXM'fornuHl round tho whol<‘ 
(’y*‘lr. 

holdn for any inliorually rovorHihlo 

It mtvuiH that wlani a Hulmtauco ha.s 
pfiHMixl i.hrough any Hori(‘H of r(W(M\sil>lo <'.hangaH 
vvhiali c'aUH(^ il. to n^turu to itn initial Htatt\ 
tho (iiianliit-i('H of luxvt vvhhili it liaH takon in 
an<l giv<‘n out ar(^ ho r(^lat<Hl to tho tcmipora- 
tun* of I.Ih'i Hul)Hliajau> at (muOi ntago aw to make 
thin inlogral vanish for tlio cydn ns a whole. 
Wlnm (ho (‘yoh^ is not rov<n’Hil)lo, /'d(^/T in a 
nogal ivt' ((uantity, h<M^a.uHt^ tho amount of boat 
r('j(^o((Hl in r(^laliv(^ly largaw than whon tho 
('y<’lo Ih r('V('rHihl<\ 

§ (iJ'l) MN'ruooY, Th(^ thitropy of a Huh- 
H(.ari(H^ in a function of il.H Hta(.i^ \vhi(h in moHli 
conv(mi(nd,ly <l(^Iin<xl by rofonmci^ in (ho 
boat tak('n in or given out \vhil(^ tlu^ wtato 
of (h(^ HubHlaiua^ nmhugoi'H o.hn.ng<^ in a. rovju’H- 
ihl(^ nniniuM’. In any Huch cha.ng(‘ tlu^ luait 
talo'n in or giviai oul., divided by ih<* abHolute 
lompora.I'Un'i of lh<^ Hid)H(.anoe» moa.HuroH tho 
cliano(^ of ('iit.i'opy. ^PhuH if a HubHtan<*o 
width is (Ml Inn* (‘xpanding ntvtM'Hibly or not 
i'\panding at all (.a.koH in luvd. (5Q whon itn 
lomptMut.uro in T, its oidropy incroaHOH hy tho 
amount ^Q/T. \V(' nliall hoc that th(^ ontro|>y 

of any HtiluHtiamu^ in a (kdinito Htato in a dohnito 
(|uanti(iy» which lum the Hamo value wlu>n tho 
HubMlniUM' oonn^H back again to tln^ narno 
Hta.(o afl(M* undergoing Uiny changoH. d’o giv<^ 
th<' (Mdropy a nurtUMhtal vaJuo W(^ muHi wtart 
from Homts n.rbitra,ry point wIum’o, for oon- 
V(Md(mc(' of r<M’,kot\ing, tlu^ (udropy in taken aa 
'/(M'ta \\'(t arci eonem'ned oidy with rhangos 

of (Mdropy, and eonH<M(u<ud.ly it dooH nob 
matt(M\ <M\(M'pl. for eonv(Muen(‘.(\ wliat m‘o 
Hliilt' in ehowMJ for (.In' purpow^ of eaknilating 
(h(^ (Mii.ropy. 

S(.ni‘(ii>g (lu'n from any Huitabio /.oro» 
kd. tht^ HulmtaiUM' umhu'go any revorHiblo 
(hang(^ of Htale. Let (xieh ekmuMit (5Q, of tho 
lu'at tak(Mi in bo divkhxl by 'T,, whmh in tho 
aliHolutt' litMnpiU’aturo of the HubHtanee when 
HI WHH Inung taken in, Then tho Huin 


nuMiHuvi^H tho (Mda’opy of tho Hulmtanco, on 
tho aHHumplion that no irnwtu’Hiblo change 
of Htale luiH oeeurrt'd during the procoHH. 
\V<' Hindi (hmol-e tin' onln'opy of any Hulmtaruxi 
by </n If tlu^ |i(Mnp(M‘a.tur<^ in changing eon- 
tinuoUHly whik^ luMvt in Ixutig taken in, tho 
cliangi^ of (MdM'opy from any Htat<^ a to any 
other H(<at(' I) iH 

<h I • 


provided there is no irrovorsiblo action within 
the HubH(.an(,ie duj'ing ita change of state. 

'Phus, if we write d<j) for tho incromont of 
entropy, wo liavo 


50 = 


5Q 


whenee 



ultimately, an expression whiedx lias been sug- 
g(‘sted as a delinition of temperature. 

The del uni, ion of tho (mtropy of a substance 
as a quantity whieh changes by tho amount 
dQ, 

I ’ while the substance passes, by a revers- 


ible pro(‘.osH, from any state a to any other 
static 6, is consistent with tho fact that the 
entropy is a dolinito function of tho state of 
tho Rubstani'.e, which moans that it has only 
one poHHihk^ value so long as the substance is 
in tho same state'. ’’.Po prove this wo must 
show that th(' same value is obtained for tho 
entropy no matter what reversible operation 
he followed In passing from one state to the 

oiJu'r : in oihiM’ words, that j is the same 


for all rcvorsiblo ()j)orations by which a 
Bubstaiu^o might pass from state a to state b. 
(lousidor any two rcvorsiblo ways of passing 
from state a to state b. If we suppose one 
of them to bo nwersod, tho two together will 
form a oomplote oyedo which is completely 
revorsiblo, and for which conso(piently the 

cyelio intogralj'fj^- =0. licneo J for one 

of them must have tho same value as for the 
oth<w. It is therefon^ a matter of inditferenco, 
in tho reckoning of entropy, hy what path ” 
or HO(picn(ie of changes the substance passes 
from a to b ])rovidecl it bo a revorsiblo jiatli : 
starting from any zero state tho reckoning of 
tlio entropy in a given state will always give 
tho same valium, whicdi shows that tho entroj)y 
is simply a function of tho actual state and does 
not depend on previous (mndilions. 

It is chiolly hooauHO the entropy of a suh- 
stnneo is a d(dinit(b function of tho state, like 
tho tomporaturo, or tho pressure, or tho volume, 
or tho internal energy, that tho notion of 
entropy is important in tlKM'modynamic theory. 
''Pho ontrofiy of a Hid)Htan(<e is usually reckoned 
[)or unit of mass, and numerical values of it 
re<(kon(Hl in this H(mHo are given in tables of 
tho pn)p<wti(^H of steam and of the other 
Htd)Hian(50S which are used in heat-engines 
and rofrig(wating ma<dun(^B. 

.But wo may also n^ckon tho entropy of a 
body as a whole whon the state of tho body is 
fully known, or tho change of cniropy which a 
body umhwgoos as a whok^ whon it takes in 
or gives out heat. And wo may also reckon 
the total (mtropy of a system of bodies hy 


(H) 




luUling l(')}^oihor iho ouU’oploH of tiio Hovcral 
liodics tluit tnakc^ up th<^ ByHltnu. 

As a Hunplo illusiratiou of iho uses to whiok 
the i(l(>a of oiitropy may bo put, coiisidor ilio 
changes of entropy which a substau(50 undor- 
goos when it is taken throngli (’larnofs cyt'.lo 
(§ (18)). All four operations arc rovorsiblo. 
In the Urst, which is isothermal ox])ansion at 
1 \, the ontro])y oi the substance inoreases by 
the amount QJTj, where is the amount of 
heat taken in from the hot source. In the 
second operation no heat is taken in or given 
out and there is no change of entropy. In 
the third operation a quantity of heat Q,jj is 
rejected at Ta ; the entropy of tlio substance 
accordingly falls by the amount Qa/T 2 . In 
the fourth operation there is again no transfer 
of heat and no change of entropy. It is only 
in the first and third operations that changes of 
entropy ocsour. Moreover, they are e(pial, for 
which shows tliat the substance 
has the same entropy as at lirst, when it has 
returned to the original state. 

During the first operation, while it was 
taking in heat its entropy rose from the initial 
value, which wo may call < 5 !)^, to a value </>/„ 
such that During the third 

operation, w'hilc the suhstanijo was rejoiding 
heat, its entropy fell again from 0 ,, to 
and = - Qa/Ta. Taking the cycle as a 

■ whole, the thermal oquivalout of the work 
done hy the substance is (vb (b? nnd is 
accordingly equal to (Tj^ -To 

Further, the source of heat bas lost an 
amount of entropy c(pial to Qt/^IV and tlie 
receiver has gained an e(|ual amount of (entropy, 
namely Wo may therefore regard the 

rovorsiblo engine of Carnot as a device whiish 
transfers entropy from the hot source to thi^ 
cold receiver without altering the amount of 
the ontro})y so transferred. The amount of 
heat alters in the prucoss of transfer, for an 
amount of heat, disa])pearR, whicli is 

the thermal equivalent of tlu^ work done; 
but the amount of cntnqiy in iho system as a 
whole docs not change. 

It is instructive to ropresemt the (^hang(\s 
of entropy in a Carnot cycle by means of a 
diagram, the two co-ordinates of which are 
the entropy of the working suhstauec^ and its 
temperature 5). 

The first operation (isothermal expansion) 
is r<q)rosento(l by ab, a straiglit line drawn at 
the level of tiunperature Tj : during this 
operation the entro|)y of tlu'i substance riH(‘H 
from f/v to 0 /,. This is followed by a<Iiabati(^ 
expansion hr, during which the temperature 
falls, hut the (Mitropy does not change. Then 
comes isolhermal compression vd at kmipora- 
ture Ik* during which tlu^ entropy rot-urns to 
th(^ initial vaJue. Finally adiabatic compres- 
Biou (la oomplctes the cycles 

The area of the closed figure abed ineasuroH 


(in heat units) Ihn work done during the cycle. 
The a.rca mahn, rn<‘nsur(‘d l.o tlu^ hjiso Hikn 
which is tiu’' a.bsolul-(‘ /-(U'o of (enqxiraturc^, ir. 
the heal. ta-kcMi in from tlu^ sour(‘('. arua. 

mdrn< is (-lie lumt (-0 th<‘ r<M'('iv('r. 

^rh(W(^ lignn^s arc^ rcMdn.nghss. 

All tliis is Iruci wbnt('V('ir he ilu' \iorking 
Hubstane('), Tlu^ <liagrn.m applic'S (o any (Migiiu' 
going through the revewsihk^ (‘yck^ of Carnot, 
wluhlior it use a gas or any ot.h(‘r Htdmiaiua'. 

It follows from ihe detinition of emtropy 
given above that wlum a stdwiancc^ is (‘xpanded 
or compressed in an adiabafh^ nuiniUM' its 
entrojiy does not ehange. An adiabatic lint" 
is conae(piently a line of constant entropy, 
or, as it is sometimes cuiIUhI, an mnlrvpie liiuv 
We might accordingly dtdine the entropy of a 
substance as that eiiara.el.(U'iHt.ie of tlui sid)- 
stance whii'h <loes not eliang(^ in adia.l)afic 
expansion or (aunprcHsion, and Ibis (ktinilion 



Entropy 

IfW. n.-'-bnt.roMydemiKM’atan' Diagram for 
darnot's Dyelc. 


would he consiHient with tlu^ nudhod of nn'kon- 
iug entropy already destU’ilH^d, 

It is only in a nwiwsihlt^ proeess that tlu' 
change of (uitropy of a HubstniuH^ is to Ix' dt'hu'- 
mined by rehu’ern'c t.o tlu^ luait it talu'S in or 
giv(5s out. Wluai a suhslanee (^xpaiuls in an 
irr<w(U‘sible mauiu'r, ns by paMsing thnuigji a 
thr()ttlC“Valv<^ from a. n^gion of liip;h pr<>f»Mtn’<* 
to a n’lgion of lowau* |>r(‘HSiir(\ if. gaina (UiliMpy 
although no heat is taloMi in. VV<u'k is Ham 
done ou eae.h porf ion of Hie Muhslanet*, hy flu' 
Huhstance Ixdiind, in giving it tuau'gy of motion 
as it paSHi'H through tlu' valve, ami Hie emugy 
of motion tluMi a.e.<|uir(Hl is frilfi'n'd down 
into h(Ni.t as tlu^ motion HubHi<t(‘M througli 
internal friction, hlxpansion thrimgh a- 
thn)ttlC"Valvc may h<^ n'gardial as eoiiHistin/'; 
of two Htag(w. 'Fhe tirst. Ht.ag(' is a. mor<^ or 
less adiahatic expHnnion during which tlu' 
substance does work in sid.ting a portion of 
itself in iimtion ; tlu^ Hceond Ht.ng(' is the Iohh 
of this motion n.nd t.he <'ons(a(U(mt gemerntion 
within the suhstaiKU'i itsi'lf of jiu (‘quivahmt 
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amount of heat. There is accordingly a gain 
of entropy, TThich occurs because the process 
as a whole is not reversible. 

'When a substance undergoes any change, 
and the final state is known, it is in general 
easy to calculate the entropy corresponding 
to that state, by considering the amount by 
which the entropy would have changed if the 
substance had come to that state by a rever- 
sible operation, for which J'dQ.jT measures the 
change. 

When a substance has passed through any 
complete cycle of operations its entropy is the 
same at the end as at the beginning, for the 
original state has been restored in all respects. 
This is true of an irreversible cycle as well as 
of a reversible cycle. But for an irreversible 
cycle y^Q/T does not vanish. It has a negative 
value and it does not measure change of en- 
tropy, for it is only in an internally reversible 
action that the change of entropy is cZQ/T. 
If any step in the action of a substance, during 
which it takes in a quantity of heat dQ, is 
irreversible, the increase of entropy during 
that step is greater than f/Q/T. 

§ (25) Sum of the Entropies in a System. 
— It is instructive to inquire how the sum of 
the entropies of all parts of a thermodynamic 
system is affected when we include not only 
the working substance but also the source of 
heat and the sink or receiver to which heat is 
rejected. Consider a cyclic action in which 
the working substance takes in a quantity of 
heat Qi from a source at Tj and rejects a 
(piantiiy to a sink at T^. When the cycle 
is completed the source has lost entropy to 
the amount Qi/T^ : the working substance 
has returned to the initial state, and therefore 
has neither gained nor lost entropy: the 
sink has gained entropy to the amount Qg/Tg. 
If the cycle is a reversible one, Qi/Ti = Q 5 >/T 2 , 
and therefore the system taken as a whole, 
cH)nsisting of source, substance, and sink, 
has suffered no change in the sum of the 
entropies of its parts. But if the cycle is 
not reversible, the action is less efficient, Q 2 
bears a larger proportion to Qj and Q 2 /T 2 is 
gn‘atcr than Qi/T^. Hence in an irreversible 
action the sum of the entropies of the system 
as a whole becomes increased. This conclu- 
sion has a v(‘ry wide application : it is true 
of any system of bodies in which thermal 
actions may o(‘cur. It may bo expressed in 
general terms by saying that when a system 
undergoes any change, the sum of the entro- 
pies of the bodies which take part in the 
action remains unaltered if the action is re- 
versible, but becomes increased if the action 
is not revoniible. No real action is strictly 
reversible, and hence any real action occurring 
within a system of bodies has the effect of 
increasing the sum of the entropies of the 


bodies which make up the system. This is a 
statement, in terms of entropy, of the prin- 
ciple that in all actual transformations of 
energy there is what Lord Kelvin called a 
universal tendency towards the dissipation 
of energy.^ Any system, left to itself, tends 
to change in such a manner as to increase the 
aggregate entropy, which is calculated by 
summing up the entropies of all the parts. 
The sum of the entropies in any system, 
considered as a whole, tends towards a 
maximum, which would be reached if all the 
energy of the system were to take the form of 
uniformly diffused heat ; and if this state were 
reached no further transformations would be 
possible. Any action vithin the system, by 
increasing the aggregate entropy, brings the 
system a step nearer to this state, and to 
that extent diminishes the availability of 
the energy in the system for further trans- 
formations. 

This is true of any limited system. Applied 
to the universe as a whole, the doctrine 
suggests that it is in the condition of a clock 
once wound up and now running down. As 
Clausius, to whom the name entropy is due, 
has remarked, “ the energy of the universe is 
constant : the entropy of the universe tends 
towards a maximum.” 

An extreme case of thermodynamic waste 
occurs in the direct conduction of a quantity 
of heat Q from a hot part of the system, at 
Ti, to a colder part at To, no work being done 
in the process. The hot part loses entropy 
by the amount Q/Tj : the cold part gains 
entropy by the amount Q/Tg, and as the 
latter is greater there is an increase in the 
aggregate quantity of entropy in the system 
as a whole. 

§ (26) Entropy-temperature Diagrams. — 
We shall now consider, in a more general 
manner, diagrams in which the action of a 
substance is exhibited by showing the changes 
of its entropy in relation to its temperature. 
Such a diagram forms an interesting and 
often useful alternative to the pressure- 
volume or indicator diagram. One example, 
namely the entropy -temperature diagram for 
a Carnot cycle, has already been sketched in 
Fig. 6. 

Let d(f> be the small change of entropy 
which a substance undergoes when it takes 
in the small quantity of heat dQ at any 
temperature T, it being assumed that in the 
process the substance undergoes only a rever- 
sible change of state. Then, by the definition 
of entropy 

d<p — , 

whence Td<^ — dQ, 

and jTd(p=J'dQ, 

^ Mathematical and Physwal Papers, i. 511. 
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the intogration boing porfonncd botwooii any 
assigned limits. Now if the oxirvo bo drawn 
with T and <f> for co-ordinatos, is tbo 

area under the curve. This by tbo above 
equation is equal to JdQ, which is tbo whole 
amount of heat taken in while the substance 
passes through the states which that portion 
of the curve represents. Let ah, Fig. b, be 
any portion of the curve of </> and T. The 
area of the cross-hatched strip, whose breadth 
is d<f} and height T, is Td(f> which is equal to 
5Q, the heat taken in during the small change 


The whole area mahn, or yTd</> between the 
limits a and 6, is the whole heat taken in 
while the substance changes in a roversihlo 
manner from the state represented by a to 
the state ro presented hy h. Similarly, in 
changing reversibly from states b to state a by 
the line ba the substance rejects an amount of 


y 



intropy 


heat whicih is measured 
by tbo area ^ibain-. The 
base line ox corre- 
sponds to the absolute 
zero of temperature. 

When an ontropy- 
tomporature curve is 
drawn for any com- 
plete cycle of changes 
it forms a closed figure, 
since the 
substa n co 


returns to 
Fig. C.— Entropy-temperature Curve, its initial 

state. To 

find the area of the figure we have to integrate 
throughout the complete cycle, and provided 
there has been no irreversible action within the 
substance - 

= 


Qi being the heat talcen in and the heat 
rejected. But the difforonco between tboso 
quantities of heat is the heat converted into 
work, hence 

/Td(f)= AW, 

when the integration extends round a complete 
cycle. Thus-an entropy-tom])oraturo diagram, 
so long as it represents changes of shito all of 
which arc rovorsihlc, but not otherwise, has 
the important property, in common with a 
pressure-volume diagram, that the enedosed 
area measures the work done in a complete 
cycle. 

But the entropy-tomporaturo diagram has 
an advantage not poHscssod by the pressurci- 
volumo diagram, in tluit it exhil)itH not only 
the work done, but also the heat taken in and 
the heat rejected, hy moans of anMis under th(!i 
curves. An illustration of this lias been given 
in speaking of the Carnot <^yclo (§ (24)). 


§ (27) Pkrfmot K.N(nNW xrsiNO ltF(iRN,Mn* 
ATOH. — Besides the cycle of (^iruot iluu'e is 
(theoretically) oiu^ otlun* way in winch an 
engine can work between a Hounu* and r(‘C(‘iv(n’, 
HO as to make the wboh^ a, cl ion r(‘V(M’Hil)l(\ and 
tliorel)y trauHrorni into work (he gr(‘af<‘sl 
])ossible [iroportiou of th<^ luait Ihat is Huj)pli('d. 
Suppose tber<^ is, as pai’ti of (li<^ ('iigin(\ a. Ixidy 
(called a “ regcMUMvitor "') into w inch th(‘ 
working sul)Ht.a!»co can Lnnporarily (((‘posit 
Imat, whil(‘- tin's suhstanec fails in (('nipc'raf ur<^ 
from the uppiM* limit to tlu' lo\v<w limit 
Tg, and suppose further that this is (loin* in 
such a manner that tin*! transhw of lu'ut from 
the substance to th(^ r<'gcmerator is rtnawsibk'. 
This eondition im{)lies that tluu’e is to be i\o 
sensible difToremeo in ttnnperaliure hetw<H*n tlie 
working substanee and the mabu'ial of Ihe 
regenerator at any place wbeix^ th('y arc' in 
thermal contact. Tlieit wln'ii vv(‘ wish (In^ 
substance to pass hack from 'fi.j to d’, wo may 
reverse this transfer, and so nx’ovc'r llu' lu'ut 
which was deposited in tin' r('g(‘in‘rntor. 
This alternate storing mnl n'storing of lu'ut 
serves iustoad of adiabath' expansion and 
eomprossion to main' th(' ienqu'raiutx' of tin' 
working snl'staiiee ])aHH reversibly from to 
T2 and from T.j to Ti respcmtivi'ly. (t (uiahU's 
the temperature of the subst-ance t.o fall to ^I',* 
before heat is rc'jcndc'd to tlu' nH’(MV('r, and to 
rise to d’j Ixdorc' heat is talaai in from the 
sou rex'. 

This idcMi is diu' t^o tin' Itc'v. Itolxu'i' Bl-irling, 
who in 1827 (h'sigin'd an erigint' to give' it 
etfeot. For the pn'scuit purpose' it will stifiieH' 
to deseu’ibe the r('g('nerator as a passage (sm'h 
as a group of tubes) through which the working 
fluid can travel in either <lire('tiou, whom' walls 
have a very large ciq>ac'iiy for lu'at^ so that 
the amount alternately given io or ta,ken from 
thorn hy the working lluid eauw's tk' more' than 
an insonsihle rise or fall in thi'lr temperature. 
The tem])erature of tin' walls at oin' ('inl of 
the passage is T^, and this falls ('ontimtously 
down to Ta at tin' other c'tnl. Udn'ri tin' 
working fluid at tenqx'ratun' ('utcu's tiu' 
hot end and passes through, i(. eomc's out at 
the cold end at i('mp('ratun' Iniviiig nlorc'd 
in the walls of thc' n'gc'in'raior n. ((uaittily of 
heat which it. will pick up again wlu'n pasHing 
through in tin' of'posito (linx'tion. I )iiring t in' 
return journey of tin' working lluid through 
the regenerator from tin' cold to the' hot. ('tid 
' its temperature rise's from 'l'^ to '\\ hy pic'king 
up the In'at which was dc'positcxl wht'U tlu' 
working fluid jxissed through fiom t.ln' hot 
end to ihe cold. Tin' ()ro('<'HH is st-ihdly 
reversible, or rathcT w'ould lx‘ so if the 
reg<'nerator luul an uulinutx'd cfipin'it.y for 
lioat, if no oonduet.ion of In'at took phict' 
along its walls fnun tin' hot.t.('r part.H towards 
the tJold end, and if tln^rc' w('r(' no loss by 
oouduotion or radiation froni its (‘xb'rnal 
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surface. A regenerator satisfying these condi- 
tions is of course an ideal impossible to realise 
in practice. 

Using air as the working substance, and 
employing his regenerator, Stirling made an 
engine which, allowing for practical imper- 
fections, is the earliest example of a reversible 
engine. The cycle of operations in Stirling’s 
engine was substantially this (in describing 
it we shall treat air as a perfect gas) : 

(1) Air, which had been heated to by 
passing through the regenerator, was allowed 
to expand isothermally through a volume- 
ratio r, taking in heat from a furnace and 
raising a piston. Heat taken in (per unit 
quantity of air) = RT^ logg r. 

(2) The air was caused to pass through the 
regenerator from the hot to the cold end, 
depositing heat and having its temperature 
lowered to Tg, without change of volume. 
Heat stored in regenerator =K^(Ti -Tg). The 
pressure of course fell in proportion to the 
fall in temperature. 

(3) The air was then compressed isotherm- 
ally at Tg, through the same ratio r to its 
original volume, in contact with a receiver 
of heat. Heat rejected = RT 2 log^, r. 

(4) The air was again passed through the 
regenerator from the cold to the hot end, 
taking up heat and having its temperature 
raised to T^. Heat restored by the regener- 
ator =Iv,,(Ti - T^). This completed the cycle. 

The efficiency of this ideal cycle is 


RTi log. r - RTa log,, r Tj - Tg 
Rl\ log, r ' T, • 

The indicator diagram of the action is 
shown in Fig. 7. Stirling’s regenerative 
engine is theoretically 
important because it 
is typical of the only 
mode, other than Car- 
not’s plan of adiabatic 
expansion and 
adiabatic com- 
pression, by 
which the 
action of a 
heat-engine 
can be made 
reversible. 

A modified 
form of re- 

“7";^ generative en- 

Volume 

Kin. 7. — Ideal Indicator Diagram vised later bv 

Ericsson, who 
kept the press- 
ure instead of the volume constant while 
the working substance passed through the 
regenerator, and so got an indicator diagram 
made up of tw'o isothermal lines and two lines 
of constant pressure. 




Tig. 8. — Entropy - temperature 
Diagram of Perfect Engine 
using a Eegenerator. 


The entropy -temperature diagram of any 
regenerative engine is of the type shown in 
Fig. 8. 

The isothermal operation of taking in heat 
at Ti is represented by ab ; be is the cooling 
of the substance from T^ to Tg in its passage 
through the regenerator, where it deposits 
heat : cd is the isothermal rejection of heat 
at Tg ; and da is the restoration of heat by 
the regenerator 
while the sub- 
stance passes 
through it in the 
opposite direc- 
tion, by which 
the temperature 
of the substance 
is raised from Tg 
to Tj. Assuming 
the action of the 
regenerator to 
be ideally per- 
fect, he and ad 
are precisely 
similar curves 
whatever be their 
form. The area 
of the figure is then equal to the area of the 
rectangle which would represent the ordinary 
Carnot cycle {Fig. 5). The equal areas jpbeq 
and ndam measure the heat stored and restored 
by the regenerator. 

§ (28) States of Aggregation or Phases.^ 
— In the foregoing sketch of general prin- 
ciples the only substances whose properties 
were discussed were imaginary ones, namely 
perfect gases. We have now to treat of real 
substances, such as may exist in three states 
of aggregation, solid, liquid, and gaseous. 
These states are now generally called phases. 
Some substances, such as sulphur or iron, have 
more than one solid j)hase. We are mainly 
concerned with the liquid and gaseous phases, 
in either of which the substance is spoken 
of as a fluid. The working fluid in an engine 
is often a mixture of the same substance 
i in the two phases of liquid and vapour ; but 
in some stages of the action it may consist 
entirely of liquid, in others entirely of vapour. 
The vapour of a substance may be either 
saturated or superheated. A vapour mixed 
I with its hquid, and in equilibrium with it, 
must be saturated. Any attempt to heat the 
mixture would result in more of the liquid 
turning into saturated vapour. But when a 
vapour has been removed from its liquid it 
may be heated to any extent, thereby becoming 
superheated. Thus when steam is formed in a 
boiler it is saturated as it leaves the water, but 
it may be superheated on its way to the engine 
by passing through hot pipes which cause its 
temperature to rise above that of the boiler, 

^ See article “ Phase Rule.*' 
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A gas suck as hydrogen, or oxygen, or 
nitrogen, is a superheated vapour which can 
he reduced to the saturated condition by 
greatly lowering its temperature. At any 
one pressure the saturated vapour of a sub- 
stance can have but one temperature : the 
superheated vapour at the same pressure may 
have any temperature higher than that. 

In the change of phase from solid to liquid, 
and again in the change from liquid to vapour, 
heat is taken in, though the substance does 
not rise in temperature while the change is 
going on. The heat so taken in was said in 
the phraseology of old writers to become 
latent, and the name Latent Heat is still 
applied to it. Thus the heat taken in by 
unit mass of a substance in passing, without 
change of pressure, from the solid to the 
liquid phase is called the latent heat of the 
liquid, and the heat taken in by unit mass 
in passing, without change of pressure, from 
liquid to vapour is called the latent heat of 
the vapour. The latent heat of water, for 
example, is 80 thermal units, which means 
that unit mass of ice takes in 80 thermal units 
while it melts. If we assume the pressure to 
be one atmosphere, this happens at the tem- 
perature which is taken for the lower fixed 
point (0® 0.) in graduating a thermometer. 

Changes of phase from solid to liquid or 
from liquid to vapour, in pure substances, are 
reversible. Under the same condition as to 
pressure, for example, water vaporises, and 
steam is condensed, at the same temperature, 
and the same quantity of heat is taken in in 
the one process as is given out in the other. 

The temperature at which a solid melts 
is only slightly affected by the pressure, and 
this is also true of the latent heat of melting. 

At a pressure of one atmosphere water boils 
at the temperature which is taken for the 
upper fixed point of the thermometer (namely 
100° G.), and the latent heat of the vapour is 
539*3 thermal ’ units. We shall see immedi- 
ately that the temperature at which any fluid 
changes from liquid to vapour, and also the 
■ amount of heat taken in during the change, 
depend greatly on the pressure. At high 
pressures the temperature of boiling is higher 
and the amount of latent heat is less. 

§ (29) Formation of a Vapour under Con- 
stant Pressure. — The properties of a vapour 
are most conveniently stated by referring in 
the first instance to what happens when it is 
formed under constant pressure. This is sub- 
stantially the process which occurs in the 
boiler of a steam-engine when the engine is 
at work. To fix the ideas we may suppose 
that the vessel in which vapour is to be formed 
is a long upright cylinder fitted with a fric- 
tionless piston which may be loaded so that 
it exerts a constant pressure on the fluid 
below. Let there be, to begin with, at the 


foot of the cylinder, a quantity of the liquid 
(which for convenience of statement we 
shall take as one unit of mass), and let the 
piston rest on the surface of the liquid with 
a pressure P, expressed per unit of area. Let 
heat now be applied to the bottom of the 
cylinder. As heat enters it produces the 
following effects in three stages ; 

(1) The temperature of the liquid rises 
until a certain temperature is reached, at 
which vapour begins to be formed. The 
value of Tg depends on the particular pressure 
P which the piston exerts. Until the tem- 
perature Tg is reached there is nothing but 
liquid below the piston. 

(2) Vapour is formed, more heat being taken 
in. The piston, which is supposed to continue 
to exert the same constant pressure, rises. 
No further increase of temperature occurs 
during this stage, which continues until all 
the hquid is converted into vapour. During 
this stage the vapour which is fonned is 
saturated. The volume which the piston 
encloses at the end of this stage — the volume, 
namely, of unit mass of saturated vapour at 
pressure P and consequently at temperature 
T^ — ^will be denoted by V^. 

(3) If more heat be allowed to enter after 
all the liquid has been converted into steam, 
the volume will increase and the temperature 
will rise. The vapour is then superheated : 
its temperature is above the temperature of 
saturation. 

The difference between saturated and super- 
heated vapour may be expressed by saying 
that if some of the liquid (at the temperature 
of the vapour) be mixed with the vapour, 
part of that liquid will be evaporated if the 
vapour is superheated, but none will be evapor- 
ated if the vapour is saturated. A vapour 
in contact with its liquid, and in thermal 
equilibrium with it, is saturated. When 
saturated its properties differ considerably,' 
as a rule, from those of a perfect gas, but 
when superheated they approach those of a 
perfect gas more and more closely the farther 
the process of superheating is carried, that is 
to say, the more the temperature is raised 
above T^, the temperature of saturation corre- 
sponding to the given pressure P. 

In the first stage of this process the sub- 
stance is wholly in the condition of liquid 
which is being heated from the initial tem- 
perature to T^, the temperature at which the 
second stage begins. If, for example, the fluid 
is water, during this first stage the heat taken 
in (per unit quantity of the water) is approxi- 
mately equal to one thermal unit for each 
degree by which the temperature of the water 
rises. It would be exactly equal to that if 
the specific heat of water were constant and 
equal to unity, but this is not the case. At 
about 30° C. the specific heat of water is less 
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Hum unil.y : it p!vhh{'h a minimurn value 
HuuvabouU of 04M)(>7, aiul ihon iuoroaHOH, 
iMM'oiuiiii? approoiably ^'roai(M' than unity at 
Much t<‘nip(uvi,iurtw na arc found in Htoani hoih'.ns. 

l)urirj;i: Ihis lirht. Hiag(\ wliilo the Huhatanee 
in Htill li(pnd, lU'arly all the heat that iM 
ink('n in go<\s to iinuMMVHc^ Ihe atoek of internal 
('luu’gy. 'riuMH^ in Hc^areoly any (external work 
<lone, for tli(' volume iaonly nliglitly incroaHod. 
'PIiuM, for ('xainpl(\ in heating Muiter from (rC-. 

<0 2 ()(r h. (under a pressure of 2 ;ir )*24 pounda 
()('!’ H(]nare ineh) tlie volume of the water 
e.hangoH fi'om O-OlhO <'.uhie fe<d'. per pound to 
0 * 0185 . ddie (^xl(u*nal work done during thia 
luNiiiug is Hu'nd'on^ 225 * 2*1 x hhl- x 0*0025 or 81 
foot pounds. 'This is e(piival(Mit to barely 0 * 0( 5 
(hm'uud unii> (pound-e.alory), and ia negligible 
in <'oinp!U'iHon with Hu'i ((uautity of licat 
that, is talum in, \vhi(d\ amounts to 202*2 
unitsd 

In t.b(^ H(H*oml al.jig(\ th(^ li(pud ehaugea into 
saturaOnl vapour without <diange of OnnpiM’a- 
Hir('. d'lu’i hejit tluit ia tak(Mi in during tfiia 
atng<^ eonatitutx'a what ia ealhsl th(^ biO'nt 
heat of th(‘ vapour. VV<^ aluill d<moto it l)y 
I,. \t. the ('ud of tlu'' a(M’on<l ating('! ilu'i aid)- 

atanee eontaina no li(pud ; it. ia apolu'U of aa 
<lry aa.tura.t(Ml vapour : at a.ny (‘aiiier |)oint 
the auhatatien ia a. W(^t. mixt.ure <a)naiating 
partly uf aat.ura.t.<‘d vapour and partly of 
lipuid. 

laOuit luMtt of a vapour may be delined 
na the a.mounti of hea.t wliieti ia takiin in I)y 
unit, maaa of the licpiid while it all ehangea 
into aUftiUraUHl vapour under eonatant preaHure, 
th(^ liijuid having he(ui [)reviouHly heated up 
to the lnmp(M’fiture at wliieh the vapour ia 
fornuKl. 

A eoiiHid<M'ahl<H part of the heat talaui in 
<luring this proet^aa ia Hp(Mit in doing external 
work, ain<'<^ the auhatanee expanda against 
th(* eonatunt. pre^asun^ Ik It is only ihe 
r<Mnaind<u* of tlu^ Ho*‘eall(‘d lattsit heat that 
can h<^ Hai<l In nunaiii in th<^ (luid and t.o 
('onatitnb^ an aid<Ution to its atoe.k of intornal 
(Miergy. The amount aptsit in doing external 
work during the aeeond stage ia 

AP(V, V.), 

wluM’e is lh(^ voliinu' of th<^ saturated 
vapour and V,„ ia tlu^ volumi^ of the li(piid 
at th(^ aa-me t(mip(M*a.t.ur(^ ami pnmire. Aa 
prtndoiiHly, A ia tln^ factor for (aaiverting uiuta 
<»f work into tluM’inal unita. ddie excii'aa of b 
ahovt\ Ihia <(uautit.y mea.Hur(^H tlu^ amount by 
which t.lu' iuteriuil (Suu'gy inei’eaw^a during the 
s<Mioml Htage. 

Thna, for ii\Htanc<v wlum, wa.t('r at 20tP' (1. 
ami a, prciHHure of 225*2*1 [lonnda pc^r apuare 

‘ l''or inuucrlcal valiaw ol' t.lus th<*riuo<lynainlcal 
(piiustlticH relating to Ht.(aiui, r(d(^reuce^ ahoukl be 
made t.o V'/a* ra/A'/a/ar Mra/a 'VahkH (10, AtuoUh 
U)ir»), or t.o Ptoiinlii'H ofStmm (UtUtwlanilLAnum, 
Itl2t)). 


inch is converted into steam, the volume 
ohangca from 0*01 85 cubic feet to 2*0738 ; 
4()7*41 thermal u.iita arc taken in, of which 
47*()I unita are ej)eiit in doing external work 
and ‘•110*8 units go to increase the stock of 
intcumal energy. 

Ill the twa) stages together the whole 
amount of external work done is to he found 
by taking the w'holo increase of volume and 
multiplying it by the pressure. The whole 
incrc^aao of intcrmil energy is equal to the 
whole amount of heat taken in leas the equi- 
valent of t.he cixterual work done. This is 
only a part.icular example of the general 
principle lha.t when any substance expands in 
a,ny manner, taking in heat and doing work, 
the heat, taken in is equal to the work done 
[)his the increase of internal energy. In the 
f^aao lioi*o considered the action is going on 
under (constant prosauro, l)ut the statement 
a.p|)liea to any change of state whatever, 
wtud.her or no ihe aubstaiuto changes in phase 
during tlu^ op(‘rati()n. 

§ (30) Tmo Internal Enioroy oif a Fltjtd. 
— No ma.it(‘r what changes a substance may 
umkugo, its internal (uuMgy will return to the 
same vn.luc when the mdmtaiico returns to the 
same condition in all respects. In other 
words, t-hc intcu’iial energy is a function of 
the a<5tual state of the substance and is inde- 
pendent of the way in which, that state has 
j)een rcac.hed, 

Wo have no means of ineasuring the total 
Ht.oc.k of internal energy in a substance, and 
can deal only ivith changes in the sto(d*:. 
But by taking some arbitrary starting-])oiiit 
as a //UH) from which the internal energy E 
is reckomHl w(i c.au giv(5 K a numerical value 
for any other state of tiho Hubstaneo. That 
value really expu^sses the difference from 
the internal emugy in the- zero state. The 
usual convention is to write E~.“0 when the 
substance is in the lipuid condition at a 
tempcirature of 0” (k, and at a pressure equal 
to the vapour-pressure corresponding to that 
temperature. Wo may call this, for brevity, 
th<^ K<u'o st'.a.t,e of tlu^ substance. 

EoUoiving this convention wo take E—O 
for water at. (E ( ). dTic value of K for saturated 
wat(w-vapour at (k will then bo 5()4-21 
thermal ludts. 

Values of E for saturated sbuun at various 
t.(‘mpera.t.ur(‘H ai'c giv(m in tlio Steam Tables. 
It will b(^ se(m that they incroaao slowly with 
th(^ t<mq)orature. 

§(3I) Tur “Total 11 rat” oif a Eluid.— 
We (tome now to another fimc.tion of the state 
of atiy HuhHtanc‘.e, a fuimtion which is of very 
great usc» in tlHuunodynamic calculation s. It is 
gcmerally called the “ IVdal Heat,” and is 
representcHl ® In'! re by th(’> lott<w 1. 

» (Ijdlemlar hi Ida iStvam Tables and in his book iisoR 
U to rcqiroflcnt this function. 
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The total lioat 1 Is (l(4ni(‘.(l for any siato 
of the BubHtanco by th(^ equation 

I-:K+APV. . . . (12) 

That is to aay, 1 iw equal fiO the wmn of tb(^ 
internal energy and the (external work whicb 
would bo done if the Hubstaneo eould bo 
imagined to atart from no volume at all and to 
expand to ita actual volume, undta- a o.onatant 
]>reaa\ir('. o(pial to ita aei.ual preaBure. 8in(^e 
the proBBui’c, volume, and inlornal energy 
are all fimctiona of the actual atato, 1 ia alHo 
a function of the actual atato : ita value ia 
indopoudent of how the atato baa btHui roa(‘.h(‘.(l. 
In atoam, for example, although the heat taken 
in during formation deponda on how the ateam 
ia formed, the “ total heat” 1 dej)ondH only on 
the llnal iv)n(litiou. Thc^ total heat e.a.n b(^ 
calculated for any condition of a aubataiuio, 
whether in Idie atato of Ihpiid or of aaliurah^d or 
Huporheatod vapour. It ia nioaaured in iJiermal 
units per pound. Valuoa of the total lu^at 
of aaturated atcMun, and alao of water under 
saturation -■j)rcaaure at varioua temperaturea, 
are given in Steam Tabloa. ''Plu^ total lu^at 
of atoam incroaaea [>rogreHaiv(dy with the 
toTnporaturo rather more rapidly than doea 
the internal energy. 

It followa from the delinition of 1. that in 
the zei'o state of any aubatance, at which hi 
is roekonod to Ik^ zero, I ia not ecjual to zero, 
but has a amall poaitive value depciiiding on 
the volume of tho Ihpiid and ita pmsaure at t.liat 
state. Since M ia tlien /am'o 1 ia (‘<|ua,l to AI\)V„ 
whore Pf) ia tbc! pnwuro at tlu‘ zero atato, 
namely, iho vapour-preaauni at 0" (t, a.nd V„ 
ia tho volume of the Ii<juid at IP (1. and 
proaauro P,,. Por water tliia (juantity Al\,V(, 
is qnito negligible, amounting aa it doea to 
0-0()014() thermal unit, hor (^arl)onie. acid 
it ia about 1 thermal unit, for ammonia a,nd 
aidpburoua achl it ia much km 

An important property of Iho funcIPm 
1 ia that when any auhatamn^ ia heat<Hl under 
(lonatant preaaure UK's c.hango of I ia <s|nal 
to the amount of heat tak(m in. ’‘ho prove 
thia, let Q, be th(^ amom\i^ of lusd ta4<(Mii in 
while tho aubataiicu^ expanda under conatant 
proHHure P from a atah^ in which thi^ volume 
ia Vi and ilu^ internal iMiergy ia K, io auotluM* 
state in which ibo volume ia V.j and the 
intenud imergy ia .Then tlu^ amount of 

exhwnal work dom^ ia P(V,j Vj) and, by Uh' 

conamwation of (Muu'gy, 

Q .Wa “bu 1 Al>(Va Vi), 
which may ho writiim 

Q I APVa (M, 1 APV,) 
or Q 

where I, la ilie total luMit in tlie lirat atate 
and ia tlui tolial luuit in tho aiMioiul atah^, 


It hdlowa (hat whih' a liipiid is Ix'ing 
converttsl into vapour, uudiu' ooiiataiit pi'oaa- 
ure, tlu'i total lusit I inmH'aai'.s in proportion 
to tho amount of va{)our that ia formisl. 
At any internu'dia.t(‘ atagi^ in the proiM'aa, 
let f/ repreamdi t.h(> fraction (had ia vaporiai'd 
and l—^/ tlxH fraction thad ia atill tJum 

th<^ todal lusit of tlu‘. mixt-ur(' ia 

</i. 1(1- 

which may be writden 

i„-i rA- 

Similarly, while a vapour ia Ixung eondenai'd 
under conata.ut pn^aamu I iKsamii'a leaa by an 
amount which ia nu'aaurcd by tiu' luait givmi 
out. 4’hia ia proportiional, at a,ny intmam'diate 
atag(% to the fraction then comhmaisl. 

It followa alao that tlu' total lusit of a Hupm’» 
heatt^d vapour (^xceisla (hali of tlu' aaturatisl 
vapour ad the aanu' pri'HHuri^ by an amount, 
which ia equal to thci luait t-had would la' 
taken in if thi^ proeeaa of auperluMitiug wi'U' 
earned out at- couataiit pn'HHun*. It- ia, 
however, import-ant to nsHigniw^ that lh(^ 
total luMit of a. aviperlu'atcd vapour at any 
aaaigued atatc^ of the (luid, aa to pi’('HHur<^ 
ami temperaiurts ia a tk'tinitt' quantity 
which (kqienda aimply on th(^ act-ual Hfati' and 
ia imhqiemh'ut. of how tiie proci'aa of aiipi'r' 
heating may ha.vi'i Ix'i'u (‘llecl.eil, or of what 
at-ah'H the auhataiua' may ha.vi' panai'd through 
Ixdore t-h(’) a.ctua.l atadi' ia ri'aclioil. dlun 
ia alao trm^ of tiu' iiiti'rnal enm-f’y and the 
I'utropy, both of which, liki' tlx' total lu'ni', 
arc fumd-iona of th(^ actual atati^ 

§ (Ihi) PoNHTANOV OK Till-’/ro'I'Al- llt-'.AT IN A 

Tuhottuinu Piuxik.sh. An impoidunt pro- 
perty of tlu^ fumdhm I, in any auhatanix*, in 
that it (hx^H not ehaugi^ wlu'U t-lu^ Kuhaiamx' 
pasaea t-hrough a valvi^ or otiu'r eouatricted 
opiMiing, Hueh aa the poroua jilug of the doule 
'Phomaon experinuMit, by whiih it heeonu'a 
tbrott-h'd or wiri^-dra-wn," ho that ita pri'HH- 
ure dropa. A practii^aJ iuHt-auci^ of thia 
kind of atd.iou cxxnira wliiai ateam paaica 
through a pa,rtially cloaixl orilice or “ rcdmani' 
valve.” Pddit'H ari' fornuMl in tlu' (tiinl aj* 
it- rualu'H thi'oug,h tlu^ e«tuat thdi'd opening, 
a-nd t-lu' I'lH'rgy (‘xpiauh'd in fonninj* I hem m 
frit-t-(X'('d down into lu'al. aa lliey auh.ajdt'. 

To provi' that I ia conatant in amdi nu 
opi'ration we ahall conaiilcr \\hat. happcmi 
while a. unit- quantity «»f the nui>ainn<’e paHui'U 
l-hrougb a- count riel ed opianu/' (aa in /'’/g. II), 
aiuh to nialvi'. iJic niaticr clear, iinafuiu' (Ina 
unit quant-ily to he ac-parated from (he ical. 
of th(' HuhH(H.iu*e by t wo frictionhaia pintona, 
OIK' of which (A) ulidca in the pipe that hanla 
to th<‘ <‘onHirictiMn, ami (he otlu'r {U)ali<lca in 
the pipi' that haula away from it. Ou one aiih', 
aa thi' Huhatance ennu'H up, h*t itii prwiuure 
he l*j[, volume \'j, and inti'rnal miergy 
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Oil t.lnM»MuM’Hi<hs afior paHHin>< iho coiiHtriOion, 
l<‘t Ita piVHHun^ Ix^ P.j, volume V^, an<l jiitenial 
(MUM’iiiy Ah (‘a('li portion ap[)roachoH iho 
ooirntriction work ih <loiUf upon it by thn Hiib- 
HlaiKx^ Ix'liiiid pUHliiiig in ilio imaginary piHton 
A, and tlio amount oi tJiaii work dono while 
unit <puuitity in paHHing iw After each 

portion InvH paHHod tlio couHtriidion it dooH 
work upon tlu^ Hulmtanco in front by punbing 
nut tln^ imaginary piston B, and the amount 
of til at work is for the whole unit 

(piantity. Any t^xeeas of the work done by the 



Hulmtaiioi' on piHion B (»ver the work done upon 
it- by pinton A mimt. he HUppliial by a riHlum 
t-ion in ilw Htoek of int.m-iuil energy. Ueneo 

A\\\\ AP,V, 
from whieh 

h], I AP,V, B, I AP.Vi 

or I, 1,. 

'I'buH the total luxii (hx'H not' idiange in eon- 
MetjuemM' of the throttling. The imaginary 

pistouH wm'(' introdmaxl only to maki'i the 
rmiMonlng niori' intidligibhm the argument 

holds good whethm’ t.luy an^ tilnn'i^ or not. 
It' npplit'H to any fluid, and to any action in 
whieh ('lu'ri' in a friidiiinud fall of pri'iHHure. 

\V«' might aeeordingly doHeribe the (piantity 
I as tlia.(» propert'y of a Nulwtanee vvhiidi 
(hies not ehaiigi^ in ai throt'tling proeoHri. In 
thifi airgminnit' it in aHHunnal (hat no land/ ih 
t-a.kmi in or giviMi oul<, U'lid uIho that, tlu^ 
ve-locdy in l pip(‘H in ho Hiuall that, no aecainnt. 
lU'ed Im' taken of any difTenaiee in t.ln^ kiiKd.ie 
(MK'i'gy of (hi* a(.rea.m in (h(^ pipes hefori* and 
after paHsinp; (In' eonstriedion, one(^ (h(^ (Mhlic^s 
huive Huliaided, If (hi' st.nMim lias a.e(piir(sl 
an appn'eiable amoimt. of kiiudie emu'gy after 
(hi' proeesH, tlnu'e will he a. eorri'sponding 
ri'diietlon in h 

§ (H:1) Kntuoi'V ok a Piano. In rwkoning 
the iml.ropy of a. Ihiiil (.hi' same eonveniion is 
followed as in reekouing inienial energy: 
(he ent.ro|>.V of tlu' licpiid at 0" (I is taken 
as '/('I’o. (hnsider, as hefori', a [»ro('('HH in 
whioli till' liipiid is first. lii'a'(.ed umha’ eonstant 
pressure and then va'porisi'd at that firc'SHUrt'. 
During thi' hiMiting of tlu' liquid from an 
im’fial (.('mperniure (.o any temperature T 
(on (he abHolute seali') (.lie mitropy ineimm^H 
hy (he n.mouiit 



when' a is thi' Hpi'eilie liiMit at eonstant presHuro, 


If cr could bo tronteci as constant this 
would give on integration 


(r(log, T - log,. T„). 

lu tile. <iaHo of water ir is not far from con- 
stant and eq[ual to unity. 

During vaporisation an additional amount 
of heat lj is taken in at constant temperature 
namely, the temjieraturo at which vapour 
is foruuHl under the given pressure. Hence 
the entropy increases hy the amount L/T^, and 
wo have, for the entropy of any saturated 
vapour, 

0. = 0»+rjf. . . . (13) 

During superheating there is a further 
increase; of entropy as the substance takes in 
more heat. 

(34) Mixkd Liquid and Vapour: Wet 
Vapouii. — In many of the actions that occur 
in stcam-onginoH and refrigerating machines 
w(' have to do, not with dry saturated vapour 
hut wil.h a mixture of saturated vapour and 
liipiid. In the cylinder of a steam-engine, 
for ('xanqile, thi' steam is generally wet ; it 
contains a pro])ortion of water which varies 
as tlK' stroke proceeds. When any such 
mixture of two phases of the same substance 
is in a state of thermal cipiilibrium the liquid 
and va()oiir have the saino temperature, and 
the vaiiour is saturated. What is called the 
dryness of a vapour is measured by the fraction 
q of vapour which is present in unit mass of 
tlu'i mixture. When the dryness is known 
it is ('asy to di'termino other quantities. Thus, 
reekouing in every case per unit mass of the 
mix tun', wi' luive : 

Latent heat of wot vapour 

(iL . . (14) 

'Potal heat of wet vapour, 

H,-(l-i/)L. . (15) 

Volume of wet vapour, 

V„-7V,-t-(l~?)V (l« 

which is very ni'arly ('qual to (/Vg, unless the 
mixture is so wet as to consist mainly of 
liipiid. 

.Mntropy of w('t vajionr, 


<Av 




qh 




(1-7)L 

% ' 


(17) 


Ii'’rom (ir>) it follows that when the total 
heat 1,^ of a wi't va|)onr is known, the dryness 
may be found by ilu' cipiation 


q- 


i, 

h 


■-'C 


(18) 


Combining (15) and (17), and eliminating 
w(' have 


f./ “-f w d"Tj,(i'/\^ — 0j/.), . • (19) 



i)U 
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which iH a conveiJiciit (‘xprcHHiou for (iiidhig 
Iho total heat of a wet vapour when the data 
are iho tciuperatun'i and blio ('niro])y. An 
alternative forin is 

. . ( 20 ) 

In tlioHO oxprcHHioiiH I,„ Ih the ioi.al heat of tlio 
licLuid and that of the dry Maturated va.i>our 
at the teinj)ei’aturo of th(^ wet mixture. 

§(35) SpisniFroATiON of tiim Static of any 
Flttu). — W o have now Mpoken of th.o follow- 
ing quantities wliieh arc funetiionH of the 
Btato of the auhstunce. ^Phey all depc^nd on 
the actual Btato, in^t on how that state luiH 
hocii reached : 

The toTuporature, 

The proMHuro, V. 

Idle vohiinc, V. ] four are to 

The internal energy, K | l)o ju<dionod ]km* unit 
The total heat, I. Mpiantity of tho suh- 
Tho entropy, <■/>. J wtiaruu^ 

A subHtanco may change its state in many | 
different w^ayw : it may, for iurttanee, tahe in 
heat at constant volume or while cx] landing ; 
it may expand or ho comprossed with or 
without taking in heat ; expansion may take 
place through a throttle- valve or niuler a 
piston 5 there may or may not he a change of 
phase. But in any change of state what- 
ever, tho amount hy which eacih of these 
quantities is altered depends only on what 
tho initial and final states are, ami not at all 
on the particular process by which tlie change 
of state has been effected. 

There are otlior quantities, siudi as thci 
heat taken in, or the work <lone, whic'h doptuid 
on how tho change of slate lias taken place, 
in dealing with them we have to distinguish 
between one jiroccss of change and anotluM*, 
even when both proceHsos hriiig tho suhstance 
from tho same initial to the same linal con- 
dition. 

Any two of these si.x; quantities will servi' 
as data for eonqiletely spinufying the state 
of a fluid, so long as it is hoinogeneous, that 
is to say, ho long as it is not oidy the same 
eheniically hut all in the same phase, either 
all liquid or all gas. When it is a mixture 
of two pliases, namely, of liciuid and saturated 
vapour, tho pressure and Umipm’ature do not 
suffice without some other particular, such as 
the dryuesM q. 

§ (3()) ISOTIIMRIVTAli KnPANHION OF A Fl.'UTI) : 
ISOTIIFHIVIAO laNFH ON TIIF PUFSHU K F.-VOliU MUfl 
DiAoruM. It is iuHtructive to consider tlui 
g(aieral form of the isotlunanal litu'S on the 
<lia.grajn whose eo-oi’dinat<'S tuv the ptx'ssure 
and thovolunK', wIumi the (luid passi^s sueeess- 
iv(dy (h rough tlic' sluges of Ixung (1) entinffy 
li((uid, (2) a mixluire of vapour and Ii<|uid, 
(3) entinffy vaporous, hy having its pressuro 


gra, dually redmu'd under eondiiions such that 
the tcmiperatnre nmiaiuH eonstant through- 
out the |)ro(x'HH. Imagine, for iuHlanciv, a 
eyliuder to eonta.in a. (iiuudity <>f tlie li(|uid 
under [iressuri' appliixl hy a loaihal piston, 
and l<‘t the eyliuder stand on a. body at a 
(h^linite eonstant temperature, which will 
supply (Mumgh heat to it to maintain the 
temperature unchangial wIkmi tlu' pn'Hsure 
of the piston is gradually rrlaxcsl and the 
volume consispuMitly incnaisi's. Starting 
from a eondltion of vtwy high piX'HSum, 
say at. A, (/'Vf/. 10), wlum tlu' conhmls of 
the cyliudcif auH wholly liipiid, let the 
load on the piston he slowly redmasl, . 
so that tlu‘ pr(^ssure gr’a<lually falls, fflie 
lirst uMnain lupiid, until tho 
pressure falls (.o the sa.tu ration 
value for the given t.emp(watur(\ 
namely t.lu^ pressure a.t whi<‘h 
vapour begins to form, d'hus 
we have in the 
pr(wure - volunu^ 
diagram a. line 
A, 11^ to reprtwmt 
what happens 
whih^ the }>reMSUto 
is fulling during 
this lii’st stage; 


contents a.t 

Ai 



_ 

Ida. 10. -dBothermal ItiieH oil t he OrcHsurc^vi 


tame 


the eontents ar<^ tlum still ti(pii<l. The volume 
of th<^ liipiid ineivaH(‘H, Imt only vmy slight ly, 
in eoUHCMpunuH' of (lu^ pri^ssun^ hi'in/?; etaxed, 
and lumee A,r», in the <lin.fq’a,in is luai.rly, 
hut not (put(\ viwtieal. At H, vapour Ix^gins 
to form, and eontinm^s forming until all tlu' 
lupiid IxH'.onu'S vapour, ff’liis is ripnw'nled 
hy Bit\» u. stag(^ during wiiieli thm'e is no 
<ihange of pivHHure. At (', Ihtwi^ is nothing 
hut Hatiurate<l vapour, ff'lum, d the' fall of 
pr(‘.HHure eont.imu^s, a. line t^h traixxl, (he 
progressivi'' fn.ll of pn^ssun^ lahig aSHoeiahal 
w'itli a progn^Hsivi' inenaisi^ of volunnx d'lus 
teuiperatur(\ hy assumption, is kefit constniit' 
throughout. At. 1)(, or at any point. Ixwoml 
(Ip the va.pour has Ixh'ouus mqx'rluaded, 
heeause its preissuri'i is Iowan* (lum the pU'SHuri' 
eorn'spomling to saturation, ami lumei^ Its 
tomperature is higher than the temfx'rat.ure 
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tH)rr<^Hp()n(ling to hhIu ration at the tudual 
pivHHnn^. Any Hudi liiui AB(4) is au ino- 
for tlu^ Huhntaut'o in tlio HuecsoaHivo 
Ht>at(w of litpiid (A to B), lupiid and va])our 
nux('.<l (B to (!), Haturatod vapour (at E), 
Hup(M-h(^at(sl vapour (C to D). Now take a 
mutdi higlxu’ ttnnporatunx Wo got a Hiniilar 
iHotluuMiial A.jBjjCjiDa; and at a atill higher 
toinptn’aturo another iHothornud A;,B;j('aD 3 , 
and HO oti. The liiglHU' the tennporaturo iho 
muu*(u’ do B and (! ai)pro!u*.li each other, and if 
iho t(MnptM’atur<^ made high enough the hori- 
/.oiiial poihion of the iHotherinal lino vanislioH. 

§ {l\7) 'run (liuTKiAn Point: Oiuttoal 
'!I h'lMl‘nu\TORK AND (llUTUlAIi PRK.SMUHK. — A 
ourvo(Hlio\vn hy th(') broken lino) drawn through 
B,BJi.f, <d,o.., in eontinuouH with one paHHiiig 
through Cj(jaCit> it iu only within the 
i’('gion oCwhit'-h tluHiairvo in the upper bound- 
ary that any <diai\go from liipiid to vapour 
tak(^H pla(ux The branch B^B^l^nj which 
hIiowh tlu^ volume of tiu' lupiid, nKada the 
brn.noh (VV'ju vvliicdi hKowh tlio volume of 
ih(^ Halurattxi vapour, in a rounded tt)p. 

The* Hummit of Huh curve repiH'HontHa Htato 
whii'h iHcnlhHl UuH'ritieal Point. Thetein- 
perutun* for n,u iHotluM’uuil line B that would 
juHti loneh ili(‘ (.op of tluH <Mirv(' iH <mv11(mI the S 
Critical T(unp('irn.Hire. We might delhie the ^ 
(M'ilh'al te*mp(n*at.ur(' in anotluu* way by nay- ^ 
iug that if t.h(^ tcunperatiuu of a vapour is 
above tlu’* (U'itieal t<''mp<’iraturo no proHsuro, 
liovvev<n‘ grt'at, will eauHO it to li<|U('fy, The 
prc'HHurc! atf the <‘rlti(uil point ih (Milled the 
Critical Pim'hhuto ; at any higher prcHHuro 
th(^ Hulmtarua^ eannot <‘xiHt an a non-homo- 
gciuMUiH mixture of (.wo pluiHOH, paH.ly li(pud 
and partly vapour. At (he (U’itioal point* 
t.lu^ diMtinot.iou Ixd.wcHMi liijuid and vapour 
diMfipptMirH. 

Sta.rtiug from l)a.nd iucuxiHing tlu^ pn'HH- 
lU’o, (he (i(Mup<U’a.(.ui'ci Ix'iug k(*pt c.(>nHt.a,nt, 
w<‘ may (*i’a.e<^ n.ny of (hi^ iHot.lK'rmalH l)a<d<,- 
wa rdu. M'luHuHhd H(iat.e m tluMi that of a ga,H 
(a Kup<Mh<Ni(-(xl vapour). If tlio temperature 
in low (umugli \vi> have a diH<x>n(hmouH pioei^HH 
lx IBA : an t.lu* pD'HHUi'ci inenMiW’tH 0 ih reached 
wluui i.lu^ vapotir ih Hatiuniied and eondeuHation 
IxY-h'H ; at B eond<‘UHation in ooiuplet(% and 
fnun B upwardn t.owa.i'dH A w<‘ art^ eompn'HHing 
li((uid. A(i a,uy point, betwixui C aiiul B the 
HubH(.n.u<‘<' exiHt.H in two jduim^H or HtatoH of 
ap.p.rega tion ; pa.rt ih liipiid and jairt ,iri vapour. 
Bui. if Hie (.mnpi'rature in above the (witioal 
tcmjx'rnture the iHothormal in one that lieH 
aU.ogetluH* outHido of Hie boundary ourvt'i* 
hIiowu by Hie broluui lino : in that oaHo the 
HiihHlaiice d(X‘H not Hiilhw any Hliarp change of 
phane an (he preHHur<' rlxi^H. It ixihhi'ih from 
a Ht.a(.o Hia.t would Ix'* (xdUxl gaHoouH to one 
that would Ix^ called liipiid, in a (xintinuouH 
manner, following a I'.oui'ho Huoli an in iiulioatcxl 
liy the liiU'H K or C, and at no stage in the 


})rocess is it other than homogeneous. The 
continuity of the liquid and gaseous states, 
in any substance, may be more clearly realised 
if one thinks of a jn-ocess by which the sub- 
stance may ])aas from a stato^that is obviously 
Ihpiid, to another that is obviously gaseous, 
without any abrupt change, such as that 
which occurs in the boiling of a liquid. Start- 
ing from B {Pig, 11), where the substance is 
a li(piid, it might he heated ttt constant 
volume to a tomporaturo equal tr, the critical 
t('mporaturo. This brings it to H. Then it 
might (upiind isothcrmally along the line 
HI, and then be cooled at constant volume 
from 1 to C. At C it is a saturated vapour. 
During each of these stops the substance has 
romaiuod homogeneous ; the passage from 
liquid to vapour has taken place in 
a continuous manner, and it would 
be impoasihlo to point to any stage 
of the process as the stage of transi- 
tion from one phase to the other. 
Ill this procesH any isothermal higher 
than the critical isothermal E would 
serve equally well for the step in 
which the substance expands. 



L Volume 

V'lQ. 1 1 . 

^riio ci’iticjal t(unporaturo of water vapour 
iH about .174“ (t, a temperature much higher 
than is nxichod in tlui action of an ordinary 
Ht(Mim (nigiiux But with carbonic acid, whoso 
ei’itical temperature is only about 31° (X, the 
biduiviour in the n(nglH)ourhood of the critical 
point, and above it, iH of groat practical 
importance in connection with refrigerating 
inaebinoK which employ carbonic acid as 
working wibstancux 

The Ho-eaU(Hl permant'nt gaHCS, such as air, 
hydt‘()g(ui, oxygen, and so forth, are vapours 
which uud(u' ordinary conditions are very 
highly Hupewheated. Tludr eriticud tompera- 
tureH are ho low that it is only by extnmie 
o.<x>ling that they cum bo brought into a <'on- 
dition wliieh maken liq uefaetion possible. The 
eril,i('-al temperature of hydrogen is -241“ 0. 
or 32“ aliHolute. KvtMi helium, the most re- 
fractory of the gases, has been liquetiod, but 


3i‘ 


voe. i 
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only hy cooliii^^ it to a temporaturo Iohh tliaii 
5 dogrooH al)i)V'o abHoluU'i zoro. 

g (38) ADlAltATfO MxpANHION OH’ A Fiiiiin: 
II WAT- DROP. — Whon a lluid oxpaudH adial>ati(^ 
ally it <1<)CH work at tlio oxponwo of itri Htor-k 
of intonial onorgy, and its total brat I conH<^- 
qiicntly bocomofl r<5duc.ed. To caUmlato tlio 
amount of this roducjtion wo have, by dolinition 
,of the total boat, 

I:-E+AL‘V. 

Honco by dill’ercntiation 

dI=dd^+AiW-fAVa(I\ 

But by tlio conaorvation of ou(>rgy the uier(MiH<^ 
of intonial oiiorgy pluH the work dom^ by tlu^ 
fluid is eqtial to th(^ heat taken in. Applying 
this principle to a small (‘.hanger of Htato, 
have 

dK+AIW===^Q„ 

whore cZQ is the luMit talion in (luring tln^ 
oliango. Heiioo in any small changes of stat(^ 

(^I = t2Q + AVc?r. 

In an adiabatic operation -(), and 
conacquently d[=AVdl\ Thcroforo, if the 
fluid expands adiabatioally from any state a 
to any state 6, the resulting dooroaso in its 
total heat, namely, 

I„-Ii,=A('”vrfP. . . (21) 

This integral is the area eadf of tlio proasure- 
volumo diagram (Ay. 12). It is the whole 



Pki. lii. 

work done in a cylinder wlum the llui<l is 
admitted at tlu^ pressun^ ('orrcHponding to 
Htat(^ m th(Mi expanded adiabatioally to Hta<^<^ 
/>, and them diHcliarg(Hl at th(^ proHsure eorr<^- 
H[)on(ling to atiite />. 

The deen^ase of total heat in (^xf>anHiou 
-1/, is oalled tlie ‘Mh'iat-drop,” It ih a 
(piantity of mucdi importan<R’i in tlu^ i.luRuy 
of li(vit-engiii(iH. The abovc^ e(|Ufdloiii sliows 
that under adiabatic eondila'ons tlK*! whoh^ 
work doiK^ in tln^ eylimhu*, nann^ly tlu^ aim 
eahfy wlum (AXfin'SHi'd in luMit unitw, is iiu^aHuriMl 
by the beat-drop. 

This (piantity inuHt not b<^ (umfuned with 
the work whieh tlu^ lluid do(w during (^xpan- 


Hion. namely the ariRt niabiu UiulcT adialiallo 
coiulitiouH that ar(\a is ('((uivaliudi to 11u‘ loss 
of iniiMnial energy during (’xpansion* or 



in tim adial)ati(^ expansion of any lluid 
its tempiwatunx pn'Hsnns (Muu’gy, and total 
lu'at. fall, but the ('iitropy nmudns constant- 
siuet^ the op<'ration is reviu'sibh' and no luvitt 
is commuuii^atod to or taloMi from tlu^ suf>- 
sta-mu'. 'Phis eoiisid(U’a/tlon (mablos t-lu' form 
of tb<N pix'HHunvvolumo eurv(' to !>(> (Udormiiu'd 
when tlu^ r(4atlon of the entropy to otlu’r 
properti(‘H of tlm lluid is known. A easi^ 
whieh is important in praethu’i is t-liat of a- wei 
vajunir, such an the mixtnn^ of stmm and 
wat(w whieh expands in tiu' eylituh'r of an 
ongino. Usually, though not nlwnys. a wed 
vapour lumouK^s w'etiew as expansion proeiHsls. 
Tim enrvo of its (expansion may h<H tratual a-s 
follows, if we asNumo tliat tlu^ liipiid a-nil the 
vapour whieh eonstitiiie tlu^ mixture an^ in 
thermal o(|uilihriiim throughout the protum 
For groator gcuua’ality W(^ sliall suppose^ 
the vapour to Ixh w(d to lu^gin with, the 
initial temperat/ure ho 4\ and tlie initial 
dryness y,. In this static the entropy is 

'■1 

L, being tlie latimt luNtt- of lh(^ vapour and 
the entropy of tlu' li(|uid, Isjtii at tlu^ 
temj)<'iratui*<'i 'h,. Liti thi'i Hulistaiua' (‘\pa-nd 
adia-Iiatieally t-o a-uy lo\\('r tiuupiM’atun^ T^, 
at whidi tlu' lat-mit heat- is and the entropy 
of tlus li(jui(l is we ha-vi^ to Ihid tlu^ 

resulting value of (-he dryness t'ho 
entropy may now he (^xpi't'SHinl as 

V-.. 

.1.3 

and sinee there has lumn no ohang(^ of (uitropy 
this is ('(|ual to the initial valuer 0. lienee 

^/« |*(0'“0v<a)' • . (i-3) 

IJ 3 

Tliis (Mpiation H<n’v<»H t-o ddermims llu' dryiuMis 
aft<a* (^xfin-nsiou, and one<^ it. i.s kimwii the 
volunu^ V,^ is naulily found. Tin* I'xavt- value 
of is 1 (I which is poutieidly 

(siual in ordinary enm'.s to heio'g 

tlic' volunu' of naturn-ted vafiour at the 
tonpuu’ature 'PIun priwmo^ is tlu^ satura- 
tion pnwHun^ (mrrimponding <0 T.,. Thus the 
eaU’ula.tiou lixi's a point in tlu^ a.diahatie lino 
of the pn^HHure-volunu't diagram ft»r ('xpnnsion 
from the initial eoiulitions, A sfud's of points 
may he found in tlu^ sa-nu' uay* (suTi'apondiip' 
to Huee('Hsiv<' uhhuiiuhI t(uup(*rnturca whidi 
ari' nwlKul in tlu'i eoursci of the (expansion, 
if it ifl (hwirisl to f-raia^ t-Iu' litux 

In tlu^ Hp(H‘.ial eas(^ wlum the vapour is dry 
and saturatcHl to Ix'gin with, the eonstniit 
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(M it ropy f/) iH o<ni}il io and tho oxprcflBion 
for tho \v('t>n(^Hrt afior oxpaiiHiou to any 
(■(Mnfuu'aiuro boooriK^H 

(/'a ' 

‘■'a 

Similarly, if tho HuliHianoo ih oniiroly Ikjiiid 
in lilm init ial wtiiics tlm [iroHHuro Ixnn/i^ Hnllioicnt 
to jirovont. vapour from formiapj, adiabatic 
C'Xjm.nHion will canw^ Homo of it to vaporiHo. 
llH initial oniropy in and Hiuco this dooH 
not) ohaiij'jco, 

7a ' I ”■ 0«'a) 

*■*» 

aftt'r ('xpaiiHion lo a tomporafurt^ T^. 

WIkmi a li(mioji^<‘n(M>uH piH (expands adia- 
Imtioally, without/ liipadaction, the rotation 
of proHMuri^ to volunu’! in approximately ox- 
pr('HHi‘d by tho (Npiation I*V^- c.onHtant, 
vvlu'ro 7 iH (aH bidon^) tlu'i ratio of tho Hpocitic 
hoatn Thin oxproHHion Ih, aH wo Haw 

in § (lb), rij^orotmly true of a p(wf(*ct j^aH, 
whm'o iMoth('rmal (\xpa.uHion makoH 1?V oou- 
Ktant', and n.d i aJ hi t/i<! (‘Xpaiiniou makoH 
<MHiHtant'. In any homo,'!:<m<MmH Iluid, an will 
b<^ hIionmi hitm*, t/ho nlojx' of tho jm^HHuro- 
volumo (Mii’VM', nnim'ly dl^dV, in 7 t.inu^H an 
p;roa.l. in adia.batio ('xpaiiHion aH in iHothormal 
<‘\panHion. In \vai<>r vapour tbo valuo of 7 
in found to Ix^ Ml, ami a,o(’ordingly that valuo 
of tho Indox hoi’Voh to <lotornnno tho oxpanHion 
(•urvo for Hup<M‘h<ailiod Htoaru down io tho 
point at whicdi lupu^faotion bof(inH, aftor 
whit'll tbo ourv(^ nuiy bo traood in tho manner 
doHoribml abov(\ by dotorminin^^ tho drynoHH 
at. HU0(<0HHiv<> Ht.a.jij;('H. 

In tho adiaba.t.io ('xpannion of an initially 
Hupi'i'lioatod vapour (ho point at which 
liipa'bud.ion may Ix^ (^xpoo.bMl to bopjin in 
d('l.('rmimxl from tlu^ faot that tho entropy 
in couHtant/, by Hndinf>; at wdiat. tomporatur<\ 
or pn'HMun', thn <'nt.ropy of tlu^ Haiuratod 
vapour ia (xpuil to that/ of Hupc'rh<iatod vapour 
in tlu' )dv<*n initial HtaUi. d'hiH oonipariHon 
ia rtvulily nuul(' vvlum tabloH or ohartH giving 
tho prop('rt/i('H of tlu^ mibHtanoo are available, 
HH thoy for Htoam, ammonia, carbon 
<li()Nid<\ and oortahi other tluhlH. With a 
anil, able chart tho progroHHivo (dToct of any 
ailiahatb? iixpannion or c.ompri'HHlon in readily 
ti’iux'd tbroughout/ it,H whole <*onrHO. 

§ (!U)) SurnuMATouATioN. In the above din- 
(MJMMion of adin.bal.ic expaunion it liaH boon 
MMHUUU'd that/ a,t <'V<My Htop in tbo oxpanHion 
tiu'ixi iH a condit ion of (Mjuilibrium between tbo 
part that Ih vapour ami t.lio part that in litpiid. 
Put it in known. aH a ix'Hidt of expiwimont, 
that, wluui a vapour ih Huddonly cixilod by 
adiabatic ('XpaiiHion the comlition of o(|ui- 
libi'ium iM not nvM’luMl at/ omx'i. SuppoHo a 
va.fx)ur Hueb an Hb'am to bo initially <lry and 
uM,turat<Hl ; on (UfiauHion a [lart of it muHt 


condense if equilibrium is to be established. 
This condensation takes an appreciable time ; 
it is a surface phenomenon, taking place partly 
on the inner surfaces of the containing vessel 
and partly by tho growth of drops throughout 
tho volume. Consequently tho sudden expan- 
sion of a va])our may ])roduco temporarily 
what is called mipemituraiion, a state in which 
tho suhstanco continues for a time to exist 
as a homogeneous vapour, although its 
prcHHuro and temperature are such that the 
condition of equiUbrium would require a 
])art of it to ho condensed. Such a state is 
often described as a metastable state. In the 
supersaturated state the density of the vapour 
is abnormally high, higher than the density 
of saturated va])our at tho actual pressure, 
"iriio tc'mperaturo is also abnormally low, 
lowxu* than tho temperature of saturation at 
tho actual pressure ; for this reason a super- 
Halurated vapour might bo called supercooled. 
The superHaturatod condition is not stable ; 
it disappears through tho condensation of a 
part of the vapour, and tho resulting mixture 
of vapour and liquid has its temperature raised 
by the latmit heat which is given out in this 
(xmdeiiHation. An important practical ex- 
a.mple of this kind of action is found when a 
jet of steam is formed by sudden expansion 
in a nozzle such as that of a De Laval steam 
turbine, '^rhero tho expansion is nearly 
adiabatic and tho work done during expansion 
is employed in giving kinetic energy to the 
isstung Htroam. It is found that in the early 
stages of this exjiausion there is no condensa- 
tion oven if tho steam is saturated when it 
enters the nozzle. In those stages tho steam 
becomes su])erHaturated, and, as Callendar 
has pointed out {Proc. Inst. Mech. Eng.f 
K(d). 11)15), tho relation of its volume to its 
])reHHur(^ during those stages is that which 
holds for a dry vap<mr, not for a wot 
mixture. 

^IMic supercooling of a vapour without 
condensation is analogous to tho supercooling 
of a liquid without crystallisation — another 
example of a inotaatahlo state. In both 
procosHCH there is a dej)arturo from the state 
of oquilihrium, and in both the restoration 
of e(piilibnutn involves an irreversible action 
within the suhstanco. The adiabatic expan- 
sion of a vapour under conditions of thermal 
e<|uilibriuni throughout is reversible, but if 
there has boon supercooling there is an irre- 
versiblo dovelopmeni of Jioat within the 
Iluid when tho supercooled vapour passes 
from tho metaHtablo state into tho stable 
si/ato of a mixture of liquid and saturated 
vapour. 

§ (dO) OaRNOT’S CyOT.E with a WkT VAPOtTR 
Fou Woluami tSiriisTA^roE. — Retuxming now 
to proccHHOH in wliudi tho adiabatic expansion 
or coinproHsion of a vapour is imagined to bo 
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oari*i<Ml out uudor couditionK of tlionual 
o(iuili})riuin, w(^ may tliink of an idoal engine, 
Much an wuh bUowii in ,Fi(j. 4, but willi a 
liquid and its vapour for working HubHtance, 
Oarnot’y nworHihlo cy(d(^ of four i)])oratious 
can then bo porfonnod aw followH SuppoHo 
that the cylinder 
h coniaiuH unit nniHa 

\ of tlio subHtanco, 

\ in tbo liquid .state, 

\ at the upper liniit 

\ of tcmi)(‘ratiiro T-^ 

I \ and at tlu^ corro- 

j \ Hponding piusHurc 

II \ of Batui'atk)n I\. 

j\ \ (1) A})ply the 


in irt Lj, and therefore the thermal (Hpiivah'ut 
of the work dom^ is 

T, ' 

luHtead of HUj)poHiug tlu^ woi’king huIisIuihs^ 
to (‘.onsint wholly of li(|uid n,t a and wholly of 
HaturaUsl vapour at h, th<^ <»|»(‘rafiou ((h might 
for greater gemwality lu^ taJo'ii to r('pr(‘.M<'n<. 
the partial (’ vn,poral ion of an initially wot 
mixture. Tlu^ lusit tiikcai in would (lum Ik' 
(r//, o/„)bp and, an ih(^ <\vck^ would at ill b(‘ 
reverHibI(\ tlu' (‘(hei(MU‘.y in Htili (T, • and 

the th(*rmal e(piival<Miti of the work do!io would 
1)0 ■'<y^r)(dV ' giV('H ilu^ 

above exproHHion for the Hp('eial ea.so wlum 
and r//, X, l^lxpr(*HH(Ml in t<M‘mB of 

(Mitropy, the heat talari in during (ho (irHtj 
operation in T, ((/>/;- and tlu' luait nqks'b'd 
Is T.^(f/v wlu<‘h in (xpin-l tn 

Hinee c/>,. v/i/, ami 0,^ 0„. d'lu^ (sdiropy- 
temperatnre diagram for (ho (‘om[)l(^(n cyolo 

IH a ro(daugular 
ligtn’o (as in AVp. 

— g 5 ) vvhoH{^ width ih 

I 0/, - 0„ and vvhoHo 

height Ih d\ - Tg. 

I In the arikdo 

‘SStoam Mtigirjo, 
d'lu'ory (»f/’ rtsiNoiiH 
will !»(' foiiiid wliy 
any nsd vapour 


ilG. 13.— (Jarnot’tt Cycle witn a VaporiBod JLhuiid for Wt^rUiuK Subst ance. •' n g i n e w ( u' k i lu* 


I hot body A and allow the i)iHtou to 
move out against the constant pressure 
P^. The liquid will take in heat and 
be convortod inLo vapour, expanding isotherm- 
ally at the tomperaturo T^. This oi)eration 
is .shown by the line ab {Fig, 13). 

(2) Remove A and api)ly the non-com luotiug 
cover B. Allow the expansion to continue 
adiabatically {be), with falling ])rcHHur(^, until 
the tomperaturo falls to that of the cold body. 
To. The prosHuro will tlieii bo whhdi is 
the pressure of saturation at Ta- 

(3) Remove U, ap|)ly th(^ cold body (1, and 
compre.sH. Vapour is cond(m.S(Hl by r<\j<H'.ting 
heat to (1. The action is isothennal ami the 
pressure roinains P;^. Ijot this op<u-ati()n {rd) 
bo (iontimuHl imtfl a (XM’tain point 0 is reached, 
wlu<di is clio.s<m so tluit adiabatic eompressiou 
will oom|)lole (be <^yelo. 

(4) Itemovo (! and apply b. Oontinue the 
coni()r(‘Hsion, which is now adiabatic. If the 
point (I has btieu rightly ciioscn, tliis operation 
{(/a) will coTuphde tlie c.yele by n^storing the 
working Iluid to its original C/on\pl(‘tely Ikpnd 
stati(^ at< bun j)Ciratijr('i 

Sin<!(^ tfu^ cy(dc is revcM'sible, ami sinee heat 
is taken in only nf. and rejec.t<Ml only at Tg, 
it follows b’orn t,he nrguimmt of § (20) that 
the dUeionc.y is ('l\ ■ Tins heal taken 


lu't\V(M'n assigiunl 
limits of tom[)eraturo ne('(‘HHarily conv('rl.H h'SM 
of th<‘ heat supiilhal to it ititn work t.lum the 
fraction whicb is ixqu'iW'ubMl by thi^ ideal 
(Wnot enieieney, imrm^ly (H'l 
§ (4l) (k.AlM.lYUONkS Kquation. Tliw uuim^ 
is giv(m to an important nbdion b(4.W(^'n th<‘ 
latent Jumt of any vapour, the changt^ of 
volume which it unchu’goes in hciiug vaportsed, 



M. 

and the rate at wliieh the Haftirat.ion pi'i'Hsun^ 
varies with the toiupm'adun^ Imagine a 
(larnot engim% wit-h munph'te vaporiaation 
from Ikpiid at a to sat.urabsl va-fxinr at b, 
{Flf/, M), and .stipjjom* (he engine to work 
temp(*rn.t.urt^H W'hii'h ditter by only 
a. small amount (VI\ Pall t.lu' iqipm* tempi'ra" 
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tun* T nnd I-[h* lu\v<‘r t(^ru|)oraturo T <5 T. 
1’Im* h<*at (akt'U iti is I>, ihn uni<s’(Sicy is 5T/T, 
and tli(‘ work (iuiu* ih JIjcTT/T, tlui factor J 
ix'ini*; introdu(’('(I to couv(s*t from (umt imitH 
1 o work uniiH. Thci indicator diagram, whoao 
nnsi moiiHun'H i.la^ W(U'k done, is now a long 
narrow atrip. Ita ksigih ia V, - V,„„ V, boiug 
(li(^ vohuiK^ of lli(^ Haturatod vapi'ur and V,„ 
that of tlu^ Ii(|iiid. ItH luaght is c^l.k the fall 
in Hafuratiori pn^Hsuns eorrespondhig to the 
fall in ban [K*ratur(^ from T to When 

ctl* iH rna<Ic^ v(u‘y Htuall, hy taking the two 
tomp(u‘alair<*H v(*ry mair togcd.lnw, the area of 
th<* (liagrain lusiomeH more and more nearly 
(‘((ua! to th(^ prodmd. of tlu^ length hy the 
h(*ip,h(, or (V, V,„)aik n(‘nee, in the limit, 

(V,. V,),u> 


v,-v,„ 


.lh/c!'L'\ 

■'1.’ Wiv; 


(24) 


wlu're (f/'r/dl’k nnuniH (ho rate at which, the 
t<Mnp<*ra(ittre <d' iihe Haiiuraled vapour changoH 
ivla.iivu'ly io thc' prt'HHun^ ddiia in ('la.p(\yr(m’s 
('(jualion. Tins reasoning hy which it is 
<'tda.hliMhod would la* valid for any r(werHil)lci 
chaufg^ of plume which occurs iKotlunanally 
all (’ouslnnt pn'Ksure, such as that which 
occurs wlu*n a solid medts, as well as that 
which neeurs when a li(tuid is vaporised. It 
may imeordingly written in the more 
gmu'ral form 

V.*',.y/..dX 

T ' dV' 


{2ia) 


\vh{*r(* is tlu' v<»lume of tlu^ suhsianee in 
its lirst Hia.t(^ is its volume in the second 
state. X is the lunvt ahsorlxsl in the trans- 
huauatiou, and dfV/dV is the rat(‘ at which the 
tenpxM’aliUn^ of (he transformatiou (say the 
m<*lting-point or the boiling-point) alters with 
(he pn*sHuro. 

Applie<l to tlu^ nudting of ic,(\ where there is 
contraction of volun\e on melting, ( hij >ey ron’s 
(H| nation ae.cordingly shows that the melting* 
point would ho lowensl l>y applying pressure, 
h'rom th(^ known ajuount hy which ice eon- 
tractn wlum it nudts, «lamcH Tliomson iwe- 
dicted that the rn(dting-point of ice would he 
lowtuHsl about 0*01)74“ (1. for eaeh atmosphere 
of prt^HHurt^, a nssult which afterwards was 
vtuMlhsl eKp(M*im(mtally hy his brother, Lord 
Kid V in {(lolircted /kipcns, i. 150, 105). 

d'he lowtu’ of llu^ two lixixl points tised in 
graduating a thermortmtm* is thi^ temperature 
at wUlidi ice melts undcu’ a pressure of ime 
atmosphere. If this f>reHSure were rianoved - 
as it might he hy putting tlie iee in a jar 
exhaiisted of air hy means of an air-pump 

tlu^ tiHUvperatnre of n\elting wouhl be raised, 
'riuH wider-vaipour givim oil at the melting- 
point lum a pressure of only O-Oi) pound per 
H<iuar<^ imdn and lamsequonily if no air wore 


present, and if the only ])rossuro were that 
of its own va[)()ur, ice wa)uld melt at approxi- 
mately 0-0074‘^ (1., for the pressure w*ould bo 
nxluced hy nearly one atmos^diere. The 
tcinperatui'e at wdiich ice melts under these 
conditions is called the Triple Point, because 
(in the absence of air) water-stuff can exist 
at that })ariioular tcngxu'ature in three phases, 
as ice, as water, and as va])our, in contact with 
one another and in equilibrium. 

(42) Charts jjixiiiBtTiNa Tiiiii Properties 
oi'’ A PLtriD. — Charts for exhibiting the 
properties of a Iluid are drawn by selecting 
two fuue.tions of the state (such as pressure 
and volume, or entropy and toini)erature, or 
entropy and total heat) as co-ordinates, and 
drawing a family of lines each of which shows 
the relation between these co-ordinates w*hcn 
some third function of the state is kept 
constant. One exanijdo of such a chart has 
hecu illustrated in Pig. 10, wdicro lines of 
constant tem])eraturo wore drawn with the 
pressure and the volume as the two co- 
ordinates. In the engineering applications 
of thermodynamics two other ty})cs of chart 
ari' specially useful ; iu one of these the co- 
ordinates are iho temi)eraturc and the entropy ; 
in the othin^ (a chart introduced by R. Mollier) 
i.he co-ordinates are the total licat and the 
entropy. 

The eutrof>y-tem])erature chart has the 
valuable ju’oporly, already pointed out, that 
the area xinder any lino wliich represents a 
revorsil>le 1)^)0088 •moasuros the heat taken 
hi or given out during that process (since 
the area being measured down 
to a base lino drawn at the absolute zero 



of temperatures. Any rovorsiblo cycle is 
roprcHonted on the chart hy a closed system 
of limw, and the area enclosed hy them is 
the thermal e(iuivalcnt of the work done in the 
cycle. Kor the purpose of exhibiting the 
pro pert ioH of a substance C)n an ontropy- 
temperature^ chart, linos of constant pressure 
are drawn as in Pig. 15. llioro A.B represents 
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lli(^ ])r()(.!eHH of lu’stiiiiig a liquid uudor (umBtaiii Hliato. KxaiuploH of tiho tmo of l.lu'i ontropy- 
])roHHUi‘c up io tho tottiponiiuro aii which tciupomturo chart will l)c fouud iu tlu's artic’h'i 
V{ii)onBaUou hcgiUB* B(! rcprcHcuiH the pro- “ Steam Mnghuv Theory of.” 
coHH of vaporiaation, and (11) repreamta tho Bven more uwdul for practical purpow'H 
procoBs of Huperheating, hUU at the aamo in MoUic’ir’H chart of (mi.ro}\v and total heat., 

proHFUU'o. The heat ahaorhed in the three which allovvH the ” lu^atulrop ” to Ix^ dir(‘c.t.ly 

HtagcB ia rcpi'OHontcd hy tho artuia under AB, rneaaurcd. A chart of Ihia kind (for water 

BO, and 01) respectively. When a group and steam) is skehOied in outline^ in Fi(j, 17, 

of such linos is drawn for variouH constant showing lines of const.ant pn^ssinx', liiu^s of 
prossuroB, tho locus of B loniis a curve called constant toiU])eraturo (in tho region of sujxa’- 


450 ‘’ O . 
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Ida. 10. — J'lutropy-tcmpcratun^ tlhart (or Wah'r a.ad SHhaun. 


tho liquid boundary and that of 0 forum a heat), and litam of (umstaiiti (Irytums (in thi'i 
curve called the vapour boundary. Thesi'i W(d/ r(‘gion). 'rhc' slopi^ of any line of (louHtant 
curves moot in a rounded top at tlu's critical pnmsurtus a uu^aHuro of the ahsolute teinpt'ra- 
fioiiit, as will ho Roeu in 10, whudi shows tun^, for at eoimtant. pressuin <l\ dt) 
ilu^ gciKu'al (dxaracter of an entropy-tempera- and eonsiMpUMit.ly sT. Ilemx^ in the 

tunudiart r<)r water anil steain. In that figure wet region (Mi-eli constant prcHsun^ liiu^ is 
lines of constant priHsunuinulrawn for various straight. It erossim tlu^ vapour iMumdary 
])rimHureH, also (in thes region of superheat) without change of slope, hut gnidunlly hmulu 
liium of CO nsiaut total heat. J n the wet region, upwards as supm’lu^ating promxxlH, O'lu' 
l)(d)ween tlu^ two houudary eurves, lines of liquid ami vapour iHmmlary (uirves aiv e(»n- 
constant dryness art^ also shown, wJiieh nectiMl by ii. Isrokmi liuc' passing throng, h 
allow Uw wet.mw resulting from any stated the critkud ])oInt. TIu^ I'.ritieal point is not 
amount of adiahal.ie expansion to be riMidily at the summit of Unit limy hut eoimidmuhly 
<lel(‘rrnhuHl hy drawing a viM'Ue.al straight liu(^ lowm-, hotwoou the summit and the point of 
through a [)oint which riqirxmeiits tlu^ initial inlleetiou. 
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hi Mii't Hkoidli tlu'i Htio h}/ illuHtmtca tho 
pnxurHH of HUiK'rhoaiiiijLij wUmin, ai a coiiHiarii 
pnNMHuri' of 200 pouiiOM pnr Hijuarc inch, to a 
t(nnp<‘rn,turo of 40(r (t Tho lino h'c illas- 
l.niU'H adiahatio oxpanHioii, from that initial 
Htat(\ liO a proHHuro of 1 pound jH'-r fwjuaro 
ino.li. 'Tho liMipfth of h'c (nioanurod on tho 
H(Uilo of I) in tlio adiaba,ti(i lu^at-drop, which 
in tfio tluM’mal (xpiivalcnt of tho work obtaiii- 
ahlo from ntoam, under adiabatic (xaiditiona, 
when Huppli(ul to an oiifi^ino in tho state h' 
and diHcha.r^(‘d in tho stato c. From tlio posi- 
tion of r, billow tho stoani boundary curve, 


“ reducing valve ” or other constricted orifice 
such as the porous ])liig of the Joule-Thomson 
oxperiniont. 

In a perfect gas throttling produces no 
change of tcm])oratnrc, hut in steam and other 
vapours it produces a cooling effect which is 
measured as the fall of temperature per unit fall 
of ])rcssure under tho condition that I is con- 
slant, or 

Cooling ofioct = f J • 

This is called the Joule-Thomson cooling 
ofTect. Under certain conditions (which will 



Fju. 17 . ■-Molllor Chart for water and Steam. 


it is H(Hm that tlu^ stoani is tlion wot, tho 
drynoHH hohig aliout 0 -HH, Tho most usoful 
pjU’t of tho (^liai't is tlu^ part hnmediately 
ahov(^ and Ik^Iow tlu^ stoani boundary curve; 
largo H(ud<^ drawings of tho chart in this 
r't^gion aro obtainalilo as aids in engineering 
(niloulations. 

§ (■i:t) Mit'KweTS oii'TiiiioTTLiNd : Tnio.ronnw- 
ThioMSON CooLiNU l^hf’r'HKiT. -'-WiWiavo already 
MOi'n that whtxi a throttling process is carried 
out under (umditions that prtwent heat from 
(uiUn'ing or hmving tlui substaiice tho total 
luvit I does not ohange, lanes of constant 
i-otal heat on any of the diagrams accordingly 
show the tsliangc^s in other (piantitioH which 
arc brought about liy throttling. It is the pro- 
c(^HH that. 00(01 rs wlum a Iluid passes through a 


1)0 disciiHsod later) it may be negative, that is 
to say a gas may bo slightly heated by throt- 
tling, hut in general the effect of throttling 
a fluid is to cool it. This cooling effect has 
been applied by Linde to bring about the 
liipicfaotion of air and other not easily lique- 
fiable gases, the apparatus being arranged 
in such a way that the escaping gas, which 
has been slightly cooled l)y passing the throt- 
tling orifu'.o, takes up heat from the warmer 
gas that is entering, with tho result that a 
('uimilativo cooling takes place and the 
toniporature at tho orifice is reduced below 
tho critical point. (See tho article “Lique- 
faction of Gases.’’) 

When a vapour which is initially saturated 
has its j)reasuro lowered by throttling, it 
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becoiuoH HU|K‘rheali(‘(l, for tlio aatiiraiiou 
tcMUporaturo iw rtMluml by a f!;iviiior anu»tinl 
than tho actual fall of ttunpcM’atiir<*. Similarly 
a vv'ot vapour Uuids to b(vu)mo <lri(u\ Tlu' 
I)rocoMH of tbrottliuj^^ ia vory aim ply ahown 
by (Irawiii^f Uori'/oiital liuoa (1 ^conatani) 
ou tho Mollior chart of (Uitropy aiul total 
heat. It in cany io tliia way to trac.c tho 
extent to which a vapour may ho aupor- 
Ixoatod by llirottliu}:?, or tho oxttnit to whic.h 
a wot mixture, ta the U(piid itaolf, will bo 
vaporised. 

§(44) H4at-a(iooiint kora Kwao IhuKU'm 
— With tho help of th(^ tolal-hoat fumdioii 1, 
wo may now write out, in gcuicu’al t(U'ma, a 
thormodyuamic balaueo •* ahoot which will 
Cixprosa tho giving and taking of boat in 
any real proe.oHa, during winch tho working 
fluid paaaoB through any apparatiia, aiu4i aa 
a pipe, or an engine or a turbine, oonHid(U’tal 
aa a whol(^ Tho j)roeeaseH hitherto eon- 
aide rod have boon adhithm'maU hi tho aenao 
that there was no trananuHaion of heat to or 
from tho working aubataneo in tho oourao of 
its i)asnago through the apparatus, but wo 
may now diacard this limitation, and include 
thermal Iohhoh to tlio apace outaklo and also 
irrovoraiblo actions within tho ai)paratua. 

Whatov(H’ tho nature of tho apparatua, 
wo may imagine a atoady flow of tho woi’king 
fluid through it, and compare tlui atatn of iho 
fluid (1) at entry and (2) at (^xit, aa for exam] do 
in (1) tho admisaion. })ipo of an ongim% jvnd (2) 
tho oxhauat pipe. At (mtry hdi ita prt'HHun^ 
bo Pj, its volume (per unit of mana) V,, aiul 
its iutoraal energy At exit lot ita [)roHHuro 
bo Pg, its vohuno Va, and ita internal oiuu'gy hlj,. 
To make tho oompariHoii complete wo may 
write for tho kinotio on<u‘gy (in thormnl 
uuiia) of tho atream as it enttwa, and for ita 
kinetic energy’ aa it leav(^H. In paaaing through 
the ap't)aratuH tho fluid will, in general, <lo 
external work, and also loati by cou<luot,ion 
some heat to external Hj)ae.o. iAd> W repre- 
sout, in tliermal uniia, thia output of work, 
and lot roi)reHent tins heat lost by e.on- 
dnetion to external apju'.e, all of tluwii 
(piantitiea being reckoned per unit of imiaa 
of the fluid that paHaea througlv. 

Mach uuif; that cniera the apparatim r<'ipr<‘- 
Honta a Hui)j)ly of energy whie.h is (Hpial to 
hVl Al\Vi,for ia f.lu^ inbwnal energy it 
carries, and ia i,iui work dom^ by th(^ (itu<l 
beluiid in pushing it in. But B, | AP,V, iH(^((ual 
to li, fhe total heat per unit of tho fluid in ila 
actual slate at entry. Similarly, (Mieh unit 
that leaV(^H tlu^ apparalua ropn^sents a r(^j(Hi« 
lion of energy jimounting to K.j i i AB^iVa, 
for By is f.lu^ inhu’iial (uuu’gy which tlu^ 
fluid ciarric^a out, and PaV'^ is tlu^ work spemt 
upon it hy the fluid b(4und in pushing it <mt, 
Ba I (Mpud f o I.,, totuJ heat per unit 

uf the fluid in if»H ae.tiiai stat(^ at exit. Ilmic.e, 


by the (lonservafion of ('lU'rgy, for the action 
as a whole, 

I, KalialWlQi. 

d’he t(u’ms ou tlu' hd’t of this (‘quatioii r(*))re- 
sent the eiUM'gy tlmt (Mdiu’S tlu' apparnbus ; the 
terms on thci right, show how it in disposi'd 
of in t.he issiiing stnaim, in output, of ustd'ul 
\vork, and in haikagc! of lu'ut. 'I’hiM ('(lualion 
may be wni.hm 

I, la Ka- Ki 1 W 1 Q,. . (25) 

'riie terrtis K, and K.j, usiudly V(‘ry 

small, (‘xeept wlum t-lu^ appai’atUH is om* for 
forming a shaim j(4., in which caM(' K.^ is l.h(^ 
usefid term. Wlum tlu^ change of kiiud.ie 

energy in t.lu^ st.^ann is pi'iU’Bcally m^gligibhs 
as it is betwcHui the adnuHsion pipe and 
exhaust pip{^ of an ordinary <'ngim', W(\ hav(^ 

J, k ^WlQ/. . . (25) 

When the ap])aratUB does not allow any 

ai)preeiable amount of heat to escaipi^ to tlu^ 
outside (Qp d)), wo hav(> 

h la W I Ka Ki. . (27) 

This means i.hat wlum th('r(' is a Ht(auly 
flow of ji working subslaius^ (hr<»ugh any 
thermodynamie nppa.rabuH, tlu' output* of 
work tog(‘th(U’ with any gain of kimdic (UUU'gy 
is moasur('<l by tlu^ acbtutl jmni. di’op, wludluu' 
the int.ernal action is or is not- r('V<'rsibl<\ 
provi<l(Ml tluM’i^ is no loss of luavt. to tlu' (adsidct 
I)y con<hic.ti(»n throup;h ilu^ walls, 

The act.ual luait.-drop tiuist md. b<^ (‘oafumul 
with the adiabatic luad.-drop, which is the 
(HlTenmtu^ Ixd.wtHm l( and that, value \vhi(’h 
the total heat woul<l naich if tluu'<^ wwa 
adiabatic ext>anHi(>n to the (‘xit. pn'ssure 1*.,. 
fl'he aetmij heat-drop 1^ Ig is id(mti(’al with 
the adiabatu? luait-drop only wlum there is 
no loss of head, to tlie outside and wlnm, 
in addition, the inl.erual ai'.tlon is wholly 
r(w<u'sibK'. 

Any iiTcwiu'Hihh^ had.uri't in tln^ intmainl 
a.etion will inereasi^ b, ahovi' tlu' valiu' which 
would b<' naiclual by adiabatic <*\panMion, 
a.nd will lamstapKaitly diminish tlu'i onljait. 
of work. 

In tlu^ extrmne casi^ of a, throttling proeius 
tluu'e is no output of work, ami tlna'cloi^*. 
P* Ij, providtal thm'c is no loss <4 luait to the 
out.Hid(a Any loss of luait to tlu' outside in 
a l.hrottling pi’oetw will makii I., (’ornaipond". 
ingly Km for \v(' t.lum Imvc I,, I, 

'rhe loHses of thmanodynaniii* (dteel. in a nad 
engine, vvhieli make W Kaia limn flu' itlenl 
output, t.hat is tlu^ valm^ <a)rr<atponding to 
the adia.ba.(.ie luad- drop, a.riM(' partly from 
loss of heat to tlu^ outside and partly from 
two kinds of irnwm'sibk^ iidmaial acUon. 
One of tlu‘H(* two kinds is tmu’haniiad ; tht+ 
other is tluu’mal. In the mechanitail kind, 
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t!i(' jM’.iiou involvoH fluid friciioa within the 
working HulmtaiKu^ Jt iu of f,ho same nature 
UH tliat whicli o(‘.iuirH in throttling: there 
VA irnwtu'Hihlo paHHage of th(^ working mib- 
Htanee from one part of tlu^ engine to another 
wh(M’(^ the prcHHUiH^ in lower, as for iuHtanco 
tli(^ paHHago of Hteam through Homewhat con- 
utrieted op(mingH into the cylinder, or its pass- 
agi\ on ri^loasc^ after iiu'.oinplete expansion, 
into the exhaimt pipe, with a Huddon drop of 
preHHure: or again, tluu-e \a itie saiuc kind 
of irreversihility in a tiirhiiu^ in the frictional 
loHHi^H that atitend tlu^ formation of ateam 
or in th(^ friction of the ji'its on the turhinc 
blade d’lu^He n,r(^ all iimtanei's of lueehanioal 
iro'versibility. In tlu^ WM'.ond kind of irrever- 
Hihhi a.('(.ion tlu're ia ('xchange of hiuit between 
th(> working Hubwtaneo and the inhu’ual surface 
of th<^ (Mi.i<:ine walls. The hot steam, on adinia- 
Hion to a. cylindm' whic^h has just been vacated 
by a h'HS hot mixturi^ of steam and w'ater, 
linds Ike surfacu'S colder than itsidf. A part 
of iti is Uiccordingly comh'nsed on them, 
which r(v('\mporatr('s afb'r thi'i pri'ssure has 
falliMi through expansion, dhis alternate 
eondensalion and i’(''(naiporath>n involves a 
eonsid(^ra.bl<') deposit nn<l ns'oviu’y of heat- 
in a nianiKU’ that is net reviM’sibhs for it 
tuki'H phuM's by contact b(‘iav(Hm tluid and 
metal at dillerimt tcmpiu-atiin's. The aetion 
may otumr without loss of lunit to the out- 
Hhl(\: it woidd oe.cur, for instaiu^e, in an 
eugim^ with a eomlucting cylinder covered 
(Hxtm'nally with non - eoiuhuhing material. 
Its elTiHit, like that of throttling or fluid 
frietion gmuwally, is to reduee the output 
of woi‘k bi'low the limit that is attainable 
only in a reviwsilile 'imau'SH, and it doi^s this 
by maldng tlu^ aetual luMit-drop “-hj less 
than (he adiabatie heat-drop. 

dhe full sliati(un<mtt of the h(^at-aeeoimt in 
a. riMd proeims may at'.oordingly Ix^ expressed 
as follows: Wlum there is a steady flow 
of a working substanee through any tlu'rmo- 
dynamiti apparatus, the ouliput of work is 
mtmsured by fhi^ actaud lu^it-drop from 
(uitranee (tO I'xiti, kw any lu'at that eaeapeB 
by (Muuluction to tlu^ outisiile, and less any 
gain of Iviiudiie immgy of the issuing stream 
over thi' lad.m'lng striMun. 

dhiu Htalxuiuml. applies to any type of 
heat (nigiiu^ niul also to riwiuwxl hciat-engiru^s, 
or luvit pumps, l>ut in thmoi Uhh (piautity W 
is negativt' : work is expiuidisl on the rnaehmo 
instiMul of b(‘ing produeisl by tlni niaehiiuH. 
In siudi machitU'H Q/ is also gimerally negative, 
for as a rult^ the apparatus is colder than its 
HuriHsmdiugH and the leakage of heat is 
inwarils, 

In an appuirntus such a,H the eonvergent- 
div(U'g<Mili no'///h^ of Di^ baval ^ tlu'* luiat-drop is 
utilised in giving kinetic, (uusgy to the stnxim. 
^ |Sc(‘ “ Turhhu', 1 )cvclo,pnuMit of the Steam." 


No other work is done. Let the fluid enter 
such an apparatus with the velocity and 
leave it witli the velocity Jf we assume that 
the loss of heat by conduction is negligible, 
then the gain of kinetic energy is equal to 
the aetual beat-droj), or 

. . (28) 

With given initial conditions, and a given 
fall of pressure, this quantity reaches its 
highest value when Ii-lo is equal to the 
adiabatic heat -drop. Any dissipation of 
energy thrtiugh friction or eddies within the 
apparatus reduces the actual heat-drop, by 
iiujroasing the value of Ig. 

§ (45) 0 m WRAL Thermodynamic Relations 
BETWEEN hklNGTrONS OR THE StaTE IN ANY 
Fluid.- — We have now to consider, from a 
more inathomatical standpoint, the thermo- 
dynamic reflations which hold, in any fluid, 
between the various functions of its state. 
Jiy a fumfllon of the state is meant a quantity 
wbiefli depends only on the actual state and 
not on any eflianges through which the fluid 
may hav(^ passed in U'aehing the actual state. 
Six Hiufli (piautities liave already been men- 
tioned, mimoly X\ V, T, L, I, and cfy. When a 
fluid iiassos in any manner from one state to 
another, each of those quantities is altered 
by a (hflinito amount which docs not depend 
on the nature of the operation, l)ut only on 
what the state was before tlie operation and 
W'hat the state is at» the end of the operation. In 
mathomaiie-al language this fact is ox])rcssed 
by saying that the differential of any of these 
quaniitioH is a “ perfocst ” diflCorential. It is 
(uiuveniont to include two other quantities 
in this list, both of which are also functions 
of t.bo state, namely a quantity which is 
delined by the equation 

.(=I-T0, . . . (29) 

and a quantity i/', which is defined by the 
equation 

. . . ( 30 ) 

We delined the entropy <!> by the equation 

d</)S'-dQ,/T in a roviwsiblo operation; and the 
fact that <fy is a function of the state was 
proved as a consoquonco of the result that 
/J/Q/T. -0 for a rovorsiblo cycle, a result which 
follows from the 8oeond Law of Thermo- 

dynarnic.H. This is expiTssod mathematically 
by the statement that dQfX or d(l> is a perfect 
dilTereiitial. The Second Law is therefore in- 
volved in treating 0 as a function of the state, 
lienee the fa.et that dej) is a perfect differential 
is sometimes spoken of as a mathematical 
oxpr(>HHion of the )Seconcl Law. It is important 
to n()ti<‘.c that while dQjT, which is d(p, is a 
])erfo<*t differential, dQ, itself is not a perfect 
dillerential, for th(^ amount of heat involved 
in a change is not a function of the state 
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iilotio. When a HubHijuuu^ from <m<> 

Htato to auothor, tho amouiit» of boat taken 
in (bixaulH not. Himply on what the two HiatoH 
arc, l)ut alw) on the iiatun^ of tln^ operation 
by whicli iboi cbatm;o occinu For the; naino 
roaaon, if W n^pronent the work done during a 
(diaiigo of Htatci, dW in not a perfect ditTorontial. 

Bince K, P, and V are all fimotiouH of ilm 
state, it follows tlmt th(^ total heat I, whudii 
is otpial to M -1 APV, is also a funotiou of the 
stat.e. And Bituui 'P and </> are alwo fari<d.ionH 
of tho state, it follows that this iw also tr\ie 
of (I*, which is I “Tr/>, and of xp, whi<‘.U is 
E-T</). Houco di, and d\p^ as well as 
dV), dP, tiV, and dT, are per foot (Ultorontials. 

§ (4()) Relation ok any on.^ Eunotion ok 
Tino State to two otiikuh. - -The state of 
the fluid (assumed to he honiogenoous) is 
completely s]) 0 cili(Hl when any two of the 
functions of tho state ani known. Any third 
function is then determinate ; that is to sa.y, 
it can have (ady one value in any particular 
substanoo. Thus if any two functions (suesh, 
for example, as the prossuro and the vohune) 
bo soloctod as “ indo pendent variables,” by 
roforonco to whhih tho state is to bo spociHod, 
then any third function (sucli, for oxamph^ UwS 
the temperature, or the total heat) may bo 
roproBonted in relation to them by tho familiar 
device of drawing a flguro in wliich the two 
functions soloctocl as indoj)OudeTit variabh^s 
are roprosentod by rectangular co-ordinates 
X and Y, and tho third function is roproHonted 
by a third co-ordinate Z, perpendicular to tho 
piano of X and Y. This gives a solid iiguro, 
tho height of which shows, for any given states 
of tho substance, the value of tho function 
Z in relation to the values of tho fuiudiions 
X and Y whicih serve to spcicify that states 
Tho surface of suc.h a flguro may bo called a 
thormodynamic surface. 

Suppose now that the substanc^c undergoes 
an inlinitc^sitnal change of stiit(\ so that tho 
independent varial>l('M (duinge by dX and dY 
rcHp(u',tively. 'Phat. is to say, wo suppose X 
to change to X bdX ami Y to <^hang<’) to 
Y-hdY, Tlum tlui tliird function (duing<‘S 
from Z to Z I r/Z, f)y an amount. dZ wbicdi may 
he oxpresHc^d thus — 

dZ M^/X -l NdY, . . (:n) 

where M and N anx {pmntitk^s (h^petuliug on 
th(^ nbU.ions of t.lie functions to one another, 
and are lilu‘r(vforii a, Iso functions of t.he Htat(\ 

^Phis ('xpr<*HHion a()plieH whotluu* Ijoth func- 
tions X and Y va,ry, or only om'i of tlicm. If X 
variiw hut not Y, tluai dY {) a.ud r/Z J\b/X : 
similarly if Y vari(‘s hut not X, dX d and 
dX NrA'. 

" C«)v («)„• • 1“) 

In this noUdion, {dyildX)\ imMins tlu' ra(.o of 
variation of Z with respect to X wlaui Y in 


constant. In tlu* Inngung(' of tlic ealculus, 
(^/Z/^/X)y is tix' partial dilTcrcntial ciK'niciiml. 
of Z with n‘Hp('ct t(» X wlw'u Y is t-onstant, and 
(r/Z/f/-Y)x is lh(^ pai'tia.l dillbriadial (‘o(‘lliei<mt 
of Z with respiud. t.o \' wlu'O X is constant. 

Wo miglit negat'd the change (if Z as (H’eurnujif 
in two sk'ps. In the tirst stop suppose X to 
chang(’i and Y to Iuhij) ('oustaiit. ''Ibo eorn^^ 
Hpoiuliug part of t.fu^ ehange of Z is M(/X, and 
M is th(^ slojH' of t.lu^ iiuu'modyuamii* surface' in 
a H(Hd.ion-plano ZX. In tlu' wa-ond step X 
is conHta.id. and V change's. Tlu^ eorre'spouding 
part of tho change of Z is Ne/Y, and N is the' 
slopes of the t.hermodynainie. surfatu’i in a 
sectiem-plam^ ZY. TTu' wlioh^ eluinge^ of Z 
is t,he sum of tluw^ tw<) parts, as ('xpri'HH('<l 
in eepuition (31). The slope's along tlie^ two 
H(',(d.ion- planes are ('spnmal in ('e(ua.tiem (32). 

(lombiuing those eepiatious we' lmv(^ 



Thoso eepiaiions apply wlietv X, V, and Z 
are interpreted as any ihreu' funet.ions of the* 
stab' of a fluid, d^hus, for instance', if w<* 
think of a small change of state in whiedi the^ 
tojnpcraturo changes from d' to T' | and 
the pressure from P to ,P I di\ tlm consenpient 
change of vohirno will b(^ 



Similarly, if the'! ve>lum(' and pie'Msure' eluuige', 
thei eumse'iepiead. edianget of te'iupe'rnt lire' is 



Or again, th<^ eihange eif ontreipy eMuiHeepnaii 
on a change e>f totnperaturo and (iressure' is 



ami HO on. It. will hei obvious that a vewy larger 
nurnher of similar eMpiat.ions might ho written 
out, oaeih using eme^ pair e>f functions e>f the 
state as inde^pe'neh'iit. variable's, and eix fire 'suing 
in te'rms eif tbedr variatiem t.he variation of 
semie thirel fum'.tkm eif t.he state'. M’he'se' are' 
me're'ly forms e»f t.lie' ge'neu’ul ('ejuation (33). 

Red.urning ne>w to the' ge'in'ral form in X, N\ 
and Z, MUfipose'* a. small ediange' e)f state' to 
ocemr of such a ediarneitor that the' fune'tion 
Z uneleu'goe'H no {'haoge*. In that. apesMal e'ase' 
e'/Z 0; tlm HtofiH Me/X amt N</\’ eauice'l one 
amd.he'r. ( lemHe'epn'ul ly 



wlu'u dX a, ml dY are^ so re'lal,tHl that th<*re is 
no va.riatiem <»f Z. 

(lemem tin* geme'ral coriclimion fejlleiws that 
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^rius n'latfion lu'lav(‘<ni l.lu^ iliiw parUal 
liohiH, in all drcuni- 
H(anr(‘4, I’nr any finicitionH of iho Htato 

of any Iluid. It. may Ix^ <ixpr('!HHO(l in thoao 
alt<M'naiiv(^ forinw : 



R<d.nnnn)^^ now to (Hiuatiou (lU), 
dZ m\ t- NdY, 

llio |H‘in<‘ij)l('H ' of (,lv('i (‘.ahuiluH nhow that 
f/Z /.V (( pt'rj'rrt diJJcrvntUtl, hut. not otliorwjHc, 



In dealing with fiimitionn which dopond 
only on tho actinU ntal.c's of lln^ (lni<i, tlio (*,on- 
dition that. dZ ia a jxn’hMhf dilTcnMii.ial Ih Hatia- 
an<l <'onH(M|U<nitly (xj nation (115) applioH. 
\V(^ Hhaill H<'(' iniaKMliatoly hooh^ of tho n'Hulta 
of its a.ppli(U»tion. 

i?(l 7 ) MnMU(;Y lOiJUATlONM AND ItnOATlONH 
t)i:D0<'r:D KHOM Titi'JM. OonHidor now tho lioat 
(ak('n in wlani n. Hmnll <'ihanfi;o of HtaU'i occni’H 
in any Unid. ('ailing tln^ boat we have, 
by tho hi rat Law, 

dil d?* 1 dW, . . . (3(1) 
wh(n‘o dh) iH tho gain of intornal energy and 
r/W in tho work whi(di tln^ fluid dooH through 
inonMiHii of itH vohinn^ Hinoo tho 

(Mpiation may l>o written 

dh) dQ^ VdV, . . * ( 37 ) 

Ibu'o and in what folloWH wo nhall aBsmno 
that (juantitioH of h(Mit are (^xproHHod in work 
unii.n. 'riuH Himj)li(i(^H tho o(juationH by allow- 
ing t.h<^ fa(‘tor d or A to bo ()mittod. 

\V(» Jin' <‘onc(wn(xl for tho pn^Hont only with 
n'vorHihh^ opjavitionn. In any Huoh operation 
di}, dW</» ; lu^nco 

dV) dU/) « 1 VIV. . . ( 3 B) 

Again, I K I hV, l)y dofmition of 1 . 
nom‘0 dl d.h) 1 d{VV) 

dV^/, VdV I VdV l VdV 

dW-/) I VdV ( 30 ) 

Again, (* 1 dV/>, by (lolinition of I'. 

* Wi'havi'Zfirt !i rtuH'l.loa of X atul V only. Wo 
may Ma'ia'fort' write 

Z K(XY), 

wht*i'(^ l'’(X\') aioanH Hom<‘ fanedoa of X and V. 


(.,/X 



(dX. 

) lUidN 


A/M \ 


/dN\ 

(dv)v 

dVf/X 

■ IdxA’ 


Honoo - d{T(p) 

==lV/0 +. - (Td<p + 0c^T) 

=Vr?P~0alT (40) 

Again, by dofinition of xp. 

Honoo d\f/ ~~ d h - d (T^) 

-='i:d(P~-Vdy-(Td(p + ^dT) 

- VdV-(/>dT: (41) 

But (/R, c?r, and dp are all perfect 
difforcntialH. Honoo, applying equation (35) 
in turn to 0 (inationH (38), (39), (40), and (41) 
wo obtain at mico tho following four relations 
between partial differential coefficients : 


Prom (38), 


. 

\d(f>J V 

• • (42) 

.From (39), 

©<(.= 

. 

■ • (43) 

From (40), 


fd<f>\ . 
~U-PVt 

• • (44) 

From (41), 

VrfiVv- 

fdi>\ 

KdVlT 

• • (46) 

ddu'se jirc^ 

known as J 

Maxwell’s 

four thermo- 


dynamic rolationH. 

ddie following further relations are immodi- 
a.tcly dedticiblo from equations (38) to (41). 
d^iking e(puiti()ii (.38), imagine tho fluid to he 
heated at constant volume. Then rfV=0 and 
dK — Td(p; hence 



Again, imagine the fluid to expand adiabatically. 
Then and dE=PdV' ; hence 



Ritnilarly from ocj nation (39) we obtain 




from e(j nation (40) 




from e(ination (41) 


II 

1 

§ 

a- 

11 

I 


Collecting these results, 


\d(f>Jv^ ^\d~pjv' 

(46) 

\dLyp [dLyT" 

(47) 

\dV/T \dV ) til’ 

(48) 

©,-<"( 5 ).- • 

(49) 
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§ (4S) KjJCinUWHTONH FOR TllR HlMWllFIO U RATH 

kI and K„.— rn goiK^ral the ftpcHuPK'. of 
a iluid aro not coiiHiant ; tboy aro functioiiH 
of the Htato of the fluid. Wo nhall procood to 
find difforontial oxproHHionH connooting thoin 
with tfio tomporaturo, volume, and pronHuro. 
Such exproHaiouH onabU' (dduu* proportioH to 
be calculated ■wheti tlu^ relation between 
T, V, and 1? ia known. 

Consider, as before, a small ebange of state 
during wliicli the fluid takes in an amotint of 
beat (IQ wlulo it expands in a rcvorsible 
manner. Its entropy ae.cordingly incroaseh: 
by an amount d(f) sueb that dQ,, Its 

tempera turo changes from T to and its 

volume from V to V + cW. Tak(^, in the first 
place, the toinperature and volume as the two 
indopondeut variables by moans of which 
the state of the linid is specified, 'rho tshange 
in any third quantity may Hial.od with 
rcforctice to the changes in ir and in V. Thus 
the heat taken in may ho written 

. . (HO) 

Here K,„ which is the specific heat at constant 
volume, is (dQ/(i!T)v and I is a symhol for 
{dQJdV)^. 

Sifloo 

But by equation (-ir)) 

/d</>\ fdV\ 

\dV)rj:"'\dT)y 

Hence ‘ ’ 

and dCJ ^-lC,d!T 1’ y V. 

Dividing both sides by T, we have 

.^S)vdV.. . (52) 


d(t>~ J^T'i’ 


This is a perfect differential, atid, then^ore, 
by ecpiation (115), 


Jlcnio.o 


lAZKA Ai’dn 

T'UvVt "WVv' 

This is an important f)rop(uiy of K,,. 

To obtain a corresponding [)r()perty of K^,, 
f,ake tlu^ temperatur(') and pr<'HHur<i ns th<' 
f,wo iudiqxujdent variabI(‘H atui expri^ss tlu^ 
lum,t tak(Mi in with reh'nMKKi to tinun. Tlu^ 
luMit tak<m in, dih is the hjuju^ as Ixdons Ix'ing 
still (xpial 1.0 dV/</). We may wrih^ 

dil , (n-i) 

ll(u ‘0 which is the s() 0 (ufic heat at oonstant 


pressure^ is {d(^,/dtr)j, and I is a symbol for 

{dqid{\ 

Sh\ee dQ, TW0, /' 

But by c(| nation (Tl) 

/d<l,\ _^ fdV\ _ 

\dl7'p \d'l7v 

Hence I' '^'(f/T),* * * * 

ami dQ, \Q,dr ''l’('n5) 

Dividiii}' biith Hidi'H by T, wi' liav<', Mim'i' 
dQ, 'IVI</>, 

aa =’5"''''’-©/''' ■ 

And by e((uation (55), sints' this is a pcM'feet. 
dilTerent.ial, 

\dv) t\ T j \(iX) i»\dT J i* 


Tlenc(^ 


I (di<A (d^y\ 
TVdBjid”' \dTVr 


or 


whh^h Is ib<^ proptuiy of K corn'sponding f,o 
that of K,, in (spudlon (55). 

further, from ('([nations (50) nnd (/»t) 

Kyi’ I rdV K„(/T I ld\ 

<»r (K^. 'K,)^/'l' 

By writing dV d if- follows tlrnd 

K,. K. 

Or by writing dV d, 


K. I'. ‘-Q, 


By<xiuatiion (51) or (55), ('itluu'of tb('H(^ gives 
this important <'X|)r(Hsion for llu^ difr('r(m('e 
lud.weeu tlu^ two sp('<’ili(i In'als, 

’'’Ov©,.- • 

And Himai by ('<( nation (.‘M) 

, A/vn A/lb 
V(/iVT\f/T/v 

this result may be vvritt.i'u 

Kr<n»i this it will Im' sism fluit (*an tunuu* 
be less than K,„ for (dV jdV)^, in (‘aiKuitinlly tu'ga 
tiv(S inertMise of pn'HHure enuaitjg (b'creutu^ of 
vohnne in any fluid, ami tlw'refoiN' tlu' whole 
expression on the right is po«it4V(\ Aeeord- 
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K^, irt alwayn iluvii K,,, except in 

(hi‘ HjKH'ijil caHc when one of the factors on 
th(' ri^hif-haiui Hide is (‘qual to zero, in which 
eas(^ K^, is (^((nal to K„. This in posBihle in 
ji Iluid which has a hnnporatnro of niaxininm 
(hniHit-y (n.H wo.hn* Ijan ati about 4” Cl)- At the 
t(‘inp(M’atair(^ of nuixiinuni cleuHity {dV l(lT)^f=^0^ 
and o()nH(v|uonily at tliat point 0. 

Hi(4-urn now to ('(juatiouH (52) and (nh). In 
heatini? at eouHtant volume — 0; honoo by 

H(|iialj(tn (na) , 

K-'<2t)v- • • 

In lu'aiiuji^ at i'ouHtant prcHSurc ; lioncc 

by equation (bli) 

K,. . . (CO) 

In an adiabatic*, operation d</r~0; hence by 

<'(|ua.tion (52) 

and by <Mj nation (55) 

W'). 

l.’urtlu-r, li.v ('qua.(.iim {‘Mh) 

(<IV\ K,.(,n\ 

fd\'\ V\:)y 'i:Ui7.|. 

U'lV'i' f<iy\ ■■ K,Arfi7.|. 

{avJv T\dv)^ 

5'hiH in tlie ratio cimially called y, 

'I'liuH in <-h(^ adiabaticc expatiHion of any 
(luid the Hlo()e of the preHSuro-volumo lino is 
>- tinu'M itH slopes in iHotliennal expanmon, for 

(JO. -©,' ■ 

§ (<t0) O'rniDH HicuATroKsB. - -By | 

capmtion (27) 

dV) dQ, VdV. 

IhuUMc by (Mjual.ion (50) 

<^'1 K/l’lW IW 

K/r 1 (/ v)dy. 

In Ijoutluju; ali couHianl/ volume dV 0; henco 

Q, ■ <'"> 

In ifiollnu’tnal expannion d'V 0; hence, iiHiug 
(‘qual'ion (Td ), 


We may iluuvfoiv write 

,/K 

Ap:aim l>y e(i nation (29) 

d\ dq 1 VdP. 


Honco by equation (54) 

dI=:K;,dT + rdP + VdP 
=K,,dT+(?^-l-V)dP. 

Tn heating at constant pressure dP = 0 ; hence 
f dX\ Yr 


In isothermal compression dT=0; hence, 
using equation (55), 

We may therefore write 


dI=:K:,4T + 


L V(ia7 


A few other general relations may be men- 
tioned which arc easily derived from those 
already given : ^ 


wvjp’ 




§ (50) Tnw JouLTS - Thomson Cooling 
Ktocot. — ■ In a throttling process dl=0: 
honco, from ettuation ((50), 

/dT\ 1 r^/dV\ yyI 


dVji Kn 


£),-]■ ■ <-) 


d'hifl is the “ cooling effect ” in the Joule- 
Thomson porous plug experiment of § (12); 
the ('.ooling ohect which the working fluid of a 
refrigerating raaohino undergoes in passing 
the expansion valve ; the cooling effect used 
cumulatively by Linde for the liquefaction of 
gasc'iH. It expresses the fall of temperature 
per unit fall of pressure when any fluid suffers 
a throttling operation, during which it receives 
no heat from outside, nor takes in any. 

Prom eepmtion (75) it follows that the cool- 
ing effect vanishes when 


This occurs in ai\y ideal “i)erfcct” gas 
under all conditions, that is to say, in a gas 
whkfli exactly satislies the equation PV = ET, 
for ilu'U 

/(IY\ V 
Ul7c‘~ 

1 ^ Hoc Pwlug'H T hemodynamics for Engineers, vii, 
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But it also occurs in real gasos xmdor particuilar 
conditions oE toinporature and proHsuro. A 
gas tested for tlio Jonlo-ThoniBon oifoct at 
moderate pressure, and atvarious tcunperatures, 
•will be found to booomi^ warmer insiioad of 
colder on passing the jdiig if the temperature 
excoods a t'.ortain value. At that tomj)eratui‘(’>, 
which is called the tem[)eraturo of inversion 
of the Troulo-Bhomson oiTeci, throttling ]>ro- 
ducos no change of temperature. Above the 
tem])orature of inversion the elTeet of passing 
the plug is to heat the gas ; {(N is thou less 
than V/T and the expression for the “ cooling 
clTeet” is negative. Below the temi)oraUire 
of inversion the. cooling effect is positive. The 
toinporature of inversion depends to some 
extent on the pressure, in anyone gas. It difC(M*s 
widely in different gases. In air, oxygi'nx, ear- 
honio acid, steam, and most otluu' gases it is so 
high that the normal (dToet of throttling is to 
make the gas colder ; in hydrogen, on the other 
hand, the normal effect of throttling is to 
make the gas warmer, for the tomporaturo of 
inversion is exceptionally low, about - 80° (1. 
In the Linde pro(!oas of liquefaction it is 
essential that the gas to bo Ihpioliod should 
enter the apparatus at a tem-[)oraturo below 
its tomporaturo of inversion : the [)r()ccsB can 
bo applied to hydrogen oidy by cooling the 
gas beforehand to a suitably low tomporaturo. 

Taking oquations ((>8) and (75) together wo 
have 



This product, K^(c^T/dJ(?)j, is the (juantiiy of 
heat that would just sulHoo to noutralise tins 
Joule-Thorason cooling effect per unit drop 
in pressure, if it were supplied to the fluid in 
the jiroccss of throttling. It may conveniently 
be represented by the single symbol p. It 
mca.sures the cooling effect, per unit drop in 
pressure by -throttling, as a quantify of luMit 
(oxprossiHl in work unitH), while (^iT/r/l*)x 
incasuroH that effect as a (Oiange in f.<un- 
poraturo. 

Ft follows that if the ranges through wliiiih 
the pressure falls in a throttling pnxu'SM is 
from Pa to Bin the whoh^ (piantiiy of h(m,t 
that would have to bo suppluHl to neutralise 
the cooling elbni is 


-v> 


»Sin(!e I ■ Fj |- BV, w(' may write (xpiation (7(1) 
in the form 


P 


V^FVt \ dV /T* 


. (Uhl) 


ff'liiH is iuHlrriKhlve as showing ilu'i analysis 
of th<!i .louIe”''l'IiornHon (‘(hstt iido (iwo paHs. 
WIk^u an inip(uf(H'.t gsx or vsipour is tlirolt.led, 


that part of ilu^ effect whii'h is uus'isureil by 
the first b'lnn arisi's fi’oni fix'* fact (hat (ho 
internal (nuM’gy is not <'onHia.n(> a(r miy om^ 
temperature buf^ (h'pi'uds (o Hotn<> (‘\icn(i on 
the pn^HHun*. In olhi'r words, (In^ Hrslt (.('I'ln 
is duo to <l<‘parl.ure from .loul(’'''s Iwiw. ddau’e 
is in general an additional pait of (lu^ 
iiKMisureil by the siH’oud fenm 1(. is due to 
departure from Boylifs haav, u('<a)i‘diug (,<» 
whieli 1,Y should he <ions(aiit f(»r constant 
t(nnperatun\ A gas may conform to 
!jaw at a jiarticular (.(unpiautun' and still ho 
imperfiHdf : in that casi' iti will show a. (Sioling 
effect due to the tirst "term alom'. It, is only 
wluni both terms vanish that t lu^ gnw 1 m pm’h'ct 
in the tliermodynamii' sc-nse. 

Experiment, s on t,he (simpn'Hsihility of gust's 
by Amagat and others, whieh will lit' furtbt'r 
rtfferred to latter (§ (50)), show that in an im- 
ptM'fect gasiht^it'nn (t/(lY)/f/B),j,may btw'itJu'r 


nt'gaiivo or posit, ivt^ aeeording to tint etmdi- 
tions of pn'HHure and tt'mptu'atun^ llenct^ 
that part of the douh^-ddiomsou tdTtud. whieh 
is duo to (hwiation from Boyle's Law will 
under some conditions assist, and unthw oilu'r 
conditions o[)pos(\ that part of the elTt'cl whitdi 
is duo to dtwiation from ,Foul(fs Law, Tht^ 
latter part is always a cooling effect ; t-lie 
former may be eithtu* a cot)liug or a he.iling 
<dTe(»t. At the fiemptwaturt^ of invtu’sion the 
two parts cance-l ont^ anotht'r. 

§ (51) /rilM TlIMI{I\l()I)VN,\Mnt PoTMNTIAt.H. 
IIlOTKROOKNKOU.S Hv.STKMS. \V(‘ sa,w hi § (25) 
that the t'litropy of a systitun of botlit'S mip;ht» 
be trt^aied as a whoh^ by summing up the 
entropies of the various paiis. 'riiis is also 
true of the total heat, ilu^ lUKu'gy, and the 
funetions and In physical chmnistry it. 
is important to cimsider the functions and 
i'* not only for a single suhstaiu'e, or a mixture 
of phases of a single substance, hut for a. 
hettu’ogen(M)UH Hyst.mn made ufi of different 
Hubstances that may b(^ forming solutions or 
reaeting ehmnit^ally on one another, sueb. for 
examf)I<\ as tlu' substamu^s in n, galva.nie 
cell. ’’I'Ik'i action of a, ga,lva.nic c('ll will Ix'i 
oouHuhu'cd mor<^ fiartiimlarly in ;i, Iat.<'r fiara- 
grafili (S (tM)), but (Certain propi'rtii'S of theai' 
fumd-ious may b<\ mi'iitioneil hen'. It is 
esMiuitial to notie.(\ in (hailing with a IndiU’o* 
g(MUM)us systinn, that it ma,y do work otlu'rwiac 
than by <'ha,ng(^ of volume'. (bang('n may tiike 
phme within (,h(^ synban which do work against 
gravity, by raising part, of tfic system to a 
higlicr !ev(d ; or t,h(y may dt^ work ('hs'trically 
by prodmung a eurn'iit In an ('Xti'rnal tMieuil. 
It will b(' obvious that in any such ca.Mc ffW 
must not Ik^ talo'U as tspial to B</V, 'I'lu'n' 
may even h(^ no (diangt^ of volnmt', But in 
wluUever way work isdom^ tin' ('uergy (quation 

,/vv </Q 


where dW is tln^ work done by (he systt'm, 
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f/(), iH it tnk(iH in, and -iHi] is its 

loHH of in(i('nui,l (‘iiortj;y. 

Sintui I' I-Tt/), 

(l{' 

Tliis is of any oli}inj»:(S ix^vcs’siblo or not. 
,i(^t i'luH i!\ipoK<Hl c.oiuUUonH 1)0 huoIi that the 
l.('mi)(S'aisiro is kept cssistant clurin,i>; iho chanj^e, 
tluni ■ (i ’’I’liis ooiulitiou would bo roalisod 
if (-ho sysioni w(M ’0 siirroundod by a oa{)ac,uous 
r('S(M’v(»ir of boat, and tl\o chani^o wore to take 
})l{U'o v('ry slowly. If th(') prossuro also bo 
k('^p(i <'< instant <l\ is (Spial to dQ, tbo boat 
iuikisi in. Ibsusi undor tlioso conditions wo 
hiivo 

d(‘ ■ 'Trf</>. 

Now (i<l) is (Mpiai to in any rovorsiblo 

oli}in},!;o, but is gnsittu- than dQ.jT in an. irro- 
xu'rsiblo cha.n/.^o (§ («‘l)). It follows that in 
a under tlu) prcscrihtHl conditions of 

constant ioinpcraturc and constant pressure 
f/{’ vanishes only if the change be reversible, 
fuul is a nc'gative (luautity if the cluinge bo 
irrev(M'Hible, dV/</> Ixung thou groator than 
di). Ibsice if the system were to he a little 
disturlxsl fi'oni I4i(>rnuil (spulibriurn, with the 
ivHuH. tbal< for a time there is irreversible 
lu’iion, !(’ is diminishing while iho syfliom 
adjust^s itH<‘lf so ihat stable equilibrium is 
n^storc'd, Aeeonlingly the fact that is 
yjcro in the condition of oquiUbrium is to bo 
int<nq>reiied as meaning that «(* is then a 
tninimum. Thus under tho stated conditions 
of eoustant ieinperaturo and constant pressure 
i-he criterion of stable e(|uilil)num is that tho 
funeliion I' for the system as a whole shall bo 
a minimmn. 

Rcd.urning to the equation 

ds‘ d^ n\h/> M/.dT, 

in a r('V(*rHible ehaTige at constant f)reHHure 
'Vdi/t d\ a-nd, by <Mpiaiiion (‘lb), (d.('/dT)p-r, 
8id)slituting this in the expression for we 
hav<) 

,rMT(5),,. . . (77) 

Again, since 

4(1 ’ilk/), 

UtMHU) in a reversible change at constant 
temfa'ral'Ure 

<h/r dK dii 

or (IW, . . . (78) 

Tlierefore, if a. system changes reversibly by 
a Unite anuamt, at constant temperatuns 
from slate {(() to staia (6)» 

. . (78(4) 

where VV is tiu' work done (in any inaumw) 
during the change. In other words, the 
d(Miromont of measures tho amount of 


energy actually converted into external work 
by a system, whether by expansion of 
volume, or by generating electricity, or 
otherwise, during any isothermal reversible 
process. If tho process were not reversible 
tho work done would bo less. Thus tho 
decronient of measures how much of tho 
energy of tho system can, in the most favour- 
able case, bo converted into work while tho 
system undergoes a change at constant 
tomporaturc. It consequently also measures 
how much tho energy of tho system has lost 
of (wailabiUty for further conversion into 
work under isothermal conditions. For this 
reason Helmholtz {^yied. Ann., 1879, vii. 337) 
called tho function ^ tho Free Energy of 
iho syKStom, regarding tho whole energy E as 
made iij) of two parts, namely the “ free ” 
or available energy and the “ bound ” 
energy Tf/>. It should, however, be home in 
mind that during tho conversion some heat 
may be taken in from or given out to the iso- 
thermal envelope, in keeping tho temperature 
of tho system (U)ustant. h\)llowing Helmholtz, 
many writers on the thermodynamics of 
chetnioal ])ro(Hnsscs speak of as tho “ free 
energy.” 

From tho above equation it also follows 
that in a system which is maintained at con- 
stant teniporaturo di// is zero for a change that 
does not involve tho doing of any external 
work, when the change is reversible, but is 
negative when tho change is irreversible. 
Hence if tho system bo such that work can 
bo done only by expansion of volume, its 
criterion of stable equilibrium at constant 
temperature and constant volume is that the 
function for tho system as a whole shall be 
a tnininuim. 

To these functions Willard Gibbs {Collected 
Wor!c,% i. 93) gave the name of “Potentials,” 
from tlioir analogy to tho Potential function 
in statics. On account of the properties which 
liavo boon indicated above, ^ is called tho 
Tliormodynamio Potential at constant press- 
ure, and is called tho Thermodynamic 
Potential at constant volume. 

Eoturning to the equation 

d\p eJE - Td(l> — <()dT, 
since in a rcvorsiblo c-hango 

dh) - r.d<l> (ZK - (iQ ~ cZW, 

HeiU'.o if the ('hauge is such that no oxtomal 
work (of any kind) is done, 

d\l/ ^ ~ 0(ZT 



whore the ‘suilix implies that the ])artial 
dilTorcntial coonicioni d^ld>T is tho rate at 
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wliich \}/ iiu'.rcaHow with the ionii)oraturo 
when no work k being done. SubHtitiitiug 
ihin ill Uio oxproHsion K -“T^, wo have 

In applying thia equation, or the foregoing 
ono for .t, to a Hyatom whiclit undergoes any 
revoraiblo traiusEorinatioii at constant toinpera- 
turo — as, for instance, to a galvanic cell (§ (04)) 
— wo aro concornccl only with eliangos in M 
and in \p or .(*, not with the absolute value's 
of those quantities. In such applications ih('> 
symbols Jil, \p and .(* may accordingly 1 k^ 
taken as standing for corresponding iiniio 
changes in the quantities they name. 

§ (52) CiiANaK OF PuASE. — The fime-tion 
has the important property of remaining 
unchanged during any change of phase wliicli 
a substance may undergo at constant ieiupera- 
turo and constant pressure, as for instaneo 
during the melting of a solid or the vaiiorisa- 
tion of a liquid under constant jiressuro. This 
follows from equation (40), according tc) which, 
in a reversible operation, 

In a change of phase at constant jirossuro and 
tomperaturo the oficration is reversible and 
d? and f/T aro both zm), tluu’eforo is 
zero. Til us the function ^ has the same 
value for unit mass of a saturated va])our as 
for unit mass of the li(|uid at the sauu'i pressure 
and temperature, or for unit mass of a wet 
mixture made up of the liipinl and the 
vapour in equilibrium. Comparing the states 
before and after vaporisation we luive 
Hence if the condition as to pix'ssxire aiul 
temperature under whieli the lliiid is vaporisiHl 
be slightly altered, the pressure changing from 
P to P + f/P and the saturation temperature 
accordingly changing from T to T>l dT, wo 
have 


By equation (40) tliis gives 

or V,-V„-=(0.-<w|[,v . . (SO) 

jiut the change (if entropy (hiring 

vaporisation imdcr constant jiroHsuns is (Hpial 
to Ij/T. Wo thus obtain (lapeyronk H(pia- 
tion, already given in § (41 ), 


H<iro the dilTerential e()eni(Ment d'\'/dV is io 
bo iindcirstood as meaning tfio rate at wdh(4i 
the saturation temperature changes wiiJi tlic 
presHiir(\ or more gcmerally, the rai.e at whi(4i 
the teinpenitur<\ in aiiiy isotlKM’iiuil chiiiigo 
of phase, viub^s wilb the pnwnro under 
whiidi that (diange of phase occurs, V^t and 


V„, being tlie spiwilio volumes in the two 
pluiHOH. 

§(511) Sl’MOIFK) II KAT ofSatuiiatki) VaI'OUH. 
‘—Haukine, in l<sr>(), inlii’oduei'd !i (juantity 
whieli ho nanu'd the Hp('eilie h('a,t of 
saturafed vapour. This is ilu' (jiumtity of 
lioat nMjuired io raise llui ionqK'raiure of 
unit mass of i.lu'i sjitunilx'd vapour by one 
dogroo \vhil(^ the pressure' and ilu'' voluuu^ 
alhu’ so thali the vapoui’ is mabdaiiu'd in a 
state of saturatfon. Usually K# is a tu'galivo 
(piantiiy, tliat is to say, lusil^ has io Ix’' n'lnovisl 
to k(H'p i.ho vapour satiiraiod ns llu^ t('mp('ra- 
turi’i ris('S, but in ('(a’liiia ihdds it may be 
positive over a limiiod range of i(Mnp('raian'('H. 
its (diaractor will In'! most rofulily undt'rsiood 
I>y U'forring to ilio bouiuhiry curve of ilui 
eatrepy-t(xnp(M’aiure diagram (sueh as Fitj. 
10). imagine a saturahsl vapour, the si-ah' of 
whieli is re(>resented by a point on Uie satura- 
tion curve forming the right-hand limb of (Iuh 
boundary curve, to have its hMUpm’ature nUH('d 
liy the small step dY but i'O remaiti saturfit.i'd. 
HO iliat the step (UHnirs along the saturation line, 
By deliiution of the speeilio luMit of Hatumlcd 
steam, the <piaiitiiiy of luxvt taluai in is 
That this is usually negivtive Avill be obvious 
from the fact iiiat in general iiie lino for satu- 
rated vapour slopi'H baek to the l(4t as it 
ascinuls. When that is the oast^ tiie (sitrojiy 
of tlie saturated vajxmr IxMxmu'S h'ss as (he 
temperature I'ises, and (ihe anxi undei’ the 
step repn'sents nmioval, not supply, of lu'at, 
The step being nnxu'sihle tlu' luNil' I'ommuui- 
cateil is vvliieh in t his ease is lleiU'O 

wo have from whieh 
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The speeilio heat of saturated vapour is llu're- 
foro negative iindiT all ixmditions that rnnlu' 
the (mtropy of tlu^ satiurah'd vapour deereaso 
with increasing ItMnpi'ratun'. In many sub- 
Htane,es, Hindi as walta', as (bt^ form of tlio 
entro[»y-temp(a’at.ure' diagram in Fhj. 1(1 shows, 
(his is true at aJI (omp(‘ratur(‘n from (heeritieaJ 
point- downwards. Ix'eonu's poftiliv<' otdy 
vvlnni th(i saturation line of (lie (‘uirofiy- 
(-(MiqxM'atiiire dia(grain Hlop('M up (d (Ik' rip, lit, 
making t-h<^ (Xitropy of the saturahxl va|X)ur 
imu'iMiSi^ with risia/': temfX'ratnn'. In some 
()t-h('r Iluids the safaration lim^ ixanls in madi a 
manner as to inaJn^ K„ posit ive throughout- a 
pa-rt of its eoursi'. M'his is exc'uqililied in the 
ont-rnjiy-tempm'a-l'Un^ diagrams (A'/f/***. IH and 
10) for Ixm/.eiie and aee-t-ii' arid {Phil, Mttij, 
dune 1020). In all thuds lln^ rouiKhxI top nf 
the diagram shows that is m'gative as the 
(‘.rit-ioa-l fioini is approached j it- inenMux’s in 
the iK'gativi^ as tla' tempf'ratun^ ihu's, 

and Ixxxmu'H (xpial to mimis itdiniiv at the 
oriiieal t-(unp('rat-ur(^ 

By drawing adiabatie liiu's (</» (xmat.) on 
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(h(‘ <'ti<r(»py <<Mn|)ot‘a,1.nr<'i dingrani, HiarlJnjj!; 
irnm pniiilH on Mai Hat-iinitioii (nirva, ii will 
bo nbvioiiH that wIkmi K, ia tK'gaiivo (a.H in 
Ht(‘a,m ail any tianporatairo) a. vapour b(‘.(',oni<\M 
HuporHatura.t.(ai or [jartially ooiKbaiHod vvhon 
it. Hulb'i’S ndiabaiio (‘spaiiHioii, and l)tH 5 om(\s 



o 0 ‘i caa o-a o *4 6 -o 
ijitmpii 

KlU. IH. Mnl rop.V“pMU|»<’Paiia'(i DlaiKnouror 

luiporla'a t(‘d wlaai ili huIToi’h a,diaJ>aXi(' comproH- 
aioa ; convi'rat'ly \vh<‘ti ia ii('jL!;a.t.ivo {m for 
<‘sn.mpl(' in b('U'/<MHs va.potu’ at. about 1(10'*) 
a dill bat i<^ oxpauHion cnuMi^H HuporlH^atirip', and 
adiabatiu <MuuproHHioii HuporHaluratoti tho 



0 00 taa <)•!» o-^ O'fl 0"U 

Ititropii 

Vui. h). Mulroii.v-tamporiduro Dlaara-in for 
Ari'tla Afiil. 

vapour or uiido'M part, of ii nuudoiiHO. Kx- 
piwiiucidn by (la./, ill (Ann, (in (•/liin. H dn 
IHdS, siv. ;{74) allow iliai in vapotirH Huali aH 
iMni/.i'iu^ iliin in faoi. omnirM wiibin a litniiod 
rnnpn <tf tninpiM'at.un'. 

Amdop:<»'‘f^ <“ iho qua,nl.il.y for Haiti raiad 
vapour thtan ia a (piant.it.y I<«, whitOi rnay bo 
oidbal t.lu' .synrijh' ht'at of mtnrnlvd li(fnid. It 
ia thi^ ipiaidil.y “f land, rocpiirod io mino tho 
(tMupto'atuin of unit, inauH of Uio liqubl by 


one dogroo wlulo tho [irosBuro and the volume 
alt.(u‘ HO that tho liquid is niaintaincd on the 
point of boiling througliout tho operation, 
though no vapour iH formed. In other words, 
it is thai. Hpc'cafie heat whh'.h would correspond 
to a Htep up along the liquid boundary curve 
of l,lu^ eni.ro py-ternf)eraturc diagram. In any 
Hueh Ht(*p tlu^ (piantity of heat taken in would 
by detin ii, ion be K^y/T and wimld be equal to 
'jMms 

. . . (82) 

iH poHitive in all liquids at all temperatures. 
When iliC) tenqieraiure is much lower than the 
critical iomperai.uro the numerical value of 
does not diift'r greatly from that of tho 
HptHiifio heat of tho liipiid at constant pressure, 
Kj, : aH the criiieal point is approached 
imwiiaHCH, and at the critical temperature it 
JH infinite. A relation between and 
originally given by (Hausius, may bo obtained 
very directly as follows. In any fluid the 
<‘nl.ro]\v increases during va})orisation at con- 
Htant i,(un])eraturc by the amount L/T. Thus 

L 

0«=0„. + rp. 

On dilTerentiating this with resjiect to T and 
inultijflying by we hav(^ 

‘*‘dT dT’^'rfT T 

or J-J;. . . (83) 

d’o obtain ri'lations betwct‘ii the saturation 
Hpecilic bealH K^, and and the spociflo 
b(vi,l.H a.t constant, presHun^ and at constant 
vobune, for liipiid and vapour resjieotively, wo 
nuiy proiHH^d ilms. In any luxating operation, 
the b(m,t taki'ii in (by ecpiationH (bt) and (55)) is 

rfQ Ii,/!' 

Ilenci^ in a nti^p U|) along the lioundary curve, 
wlud.lKU' on (,h(^ lapiid or va])Our branch, 


(IQ. K 

W'/ 

( dV 

KdT 

giving fni' the liipihl 

K..- K.r 

,,yrfV„, 

\ dV 

q-di’ 

)i>dr 

and for tho vapour 

Ky-^'lV- 


dV 

'id'O 

i-rfT' 


luiing, as before, tlu’i volume of tho saturated 
vapinir a,iKl V,,, that of tlu'i liciuid. 

Again, in any luxating ojicration (by equa- 
tioriH (50) and (51)) 

<?Q,- .K,ri'r-| T(JJ)/V. 

Q 


VOI„ 1 
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RoiTico in a Htcj> up along either branch o£ the 
boundary curve 


(?<Q 



dV 

vdT 


whoro dVjdT is tho rate ot ohango of tho 
saturation volunio (of liquid or vapour) with 
the tomporaturo. 

This gives, for tho liquid, 


and for tho vapour 


.{dP\ dV, 
Arf'iVvdT’ ' 


(8«) 

( 87 ) 


E. Mathias {Comptes Itandus, vol. C5xix,) has 
described a calorimetric method of determin- 
ing in any fbiid tho moan value of both 
and over a given range of tomporaturo, 
by partially iilUng a closed vessel of constant 
volume with tho liquid, and then heating tho 
resulting mixture of liquid and vapour in 
the vessel through tho given range, oiworving 
tho heat that is taken in. On repeating tho 
experiment after varying tho quantity of tho 
mixture in tho closed vessel, data are obtaimnl 
for evaluating both of those spooihe heats. 
Ho has applied his method to suljdmr dioxide 
and has found that in tho vapour of that 
substance is positive throughout a certain 
short range of tom])craturo, as it is in benzene, 
ether, chloroform, carbon tetrachloride, ancl 
various other fluids. 

§ ( 54 ) Influicnoe of SnuFAdio Tension on 
Condensation and EuLTimiTroN. ■ -In conueo- 
tion with the subject of ohango of phase, 
roferenco should bo made to certain thonno- 
dynamic olTects of suHaco tension. In 
consoquoncG of surface tonsion, the skin of a 
liquid at any surface which separates Ikpiid 
from vapour is the seat of a delinito amount 
of potential energy, and this alTeots the forma- 
tion of drops in tho process of c.ondonHing a 
vapour, or of bubbles in tho process of boiling 
a liquid. One rosulfc of surface teiiHlon is to 
make tho conditions of etpiiUbrium between 
tho liquid and tho vai)our depoiul on the 
curvature of tho liquid surface. It is only 
when tho surface is (lat that the nornud 
conditions of equilibrium l)etvv(Hm the vapour 
and the Ihpiid apply, namely that when both 
are at tlio same tomperaiun^ tho vapour 
should have what we are accustomtHl to call 
the saturation f)reHsurt^ corn^Hporidiug to that 
rinnporature. In conscupienco of surbw^^ 
tension a sruall drop will evaporate into an 
atrnospliere that would In’) saturated or ev('in 
supersaturated with n^speet to large drops or 
large (|uantities of th(^ li{jui(l, l)e<'!aus<'i the 
vapour pnwHiiro wlntti is r(''<(u(r(itl to prevent 
evaporation from the ourv(ul surfacie of a 
small drop is greabu' </han the vapour pressure 


which will pnweut evaporation from Ui lint 
surface of llu' sa.nu'i hijuid at^ (he snuH^ (i('inp(‘i*ai- 
ttire. In otluu’ words, tlu^ ('(juilibriuui vapour 
• pressure for a. small drop is Ingln'r than 
normal saturation pn^ssuiw 

eoh(‘sive fona^s whii'li (la^ ttmU'ctih'S 
of any lupiid ('X(M't upon oiu' anoUua’ main' 
th(^ fr(H^ Hurface of th<^ Ii(juid h(‘liaA'(' as if ii. 
were a stndciiual (4asri(^ skin. Hi is to this 
that the pluMvonuMta of capilhu’ity a,r(' dm' 
the rise of a liepud eoliinui in a tulu^ wIumi tlu^ 
liquid is one that wets it, and the ilcpn'ssion 
of the column wIumi ilu^ li<[ui<l docs not wet 
tho tube. To this also an^ du(^ tlu' forms 
assumed by liquid ID ms and by drops. It is 
the tension of the surfac(^ layew ibat makt^s a 
drop take a spluadcal sliap(^ wluaj tlu'n^ mv 
no disturbing forceps : llui droj)s of moll(‘n 
metal in a shoii-tow(M*, for (^xainpl<‘. IxH’otju^ 
Hi)hert^H as th(\y fuill fnady, and solidify into 
spherical sliot Ixd'orc. Hnw reach th(‘ bottom. 
A drop of mercury on a pla.i(\ or of d(wv on a 
loaf wliich it do(w not W(di, vvonI<l Ix' splxubxU 
were it not for the upward prc'SHiin^ of tin' 
support oil which the (Iro]) n^siis ; tlu^ smaUcr 
tho drop is the lUMirer does iti ixinu^ io Ixdng 
a sphere, for tlio disturbing foicc's due to 
gravity are relatively unimportant in a sinnll 
drop. As a nwult of snrfaix^ timsion, the 
energy contained in a drop of lic|uid is gri'abw 
than the energy contaimxl in an (xpud (piantity 
when that forms ])a.rt of a. big^ masH (tf the 
same Ihpiid at tlu^ sanu' (cnqx'raturc, for 
energy is storiul in tlu^ surfaix^ layer in nimdi 
the same way as it woidd Ix^ h(()i*(x 1 by (bi' 
stretebing of an (‘la,sti(i skin, hor lIu' sanK' 
reason a small drop coidniins nxin^ (xiergv 
per unit of mass than a large on<' (of the 
same lupiid at the same tempm-atun^), for Hn^ 
surface of the small drop has a, rtbitiviDy 
larger area. The (uuwgy stored in lb<' Hurfn<x' 
layer is ilinxitly proportional t-o tlH> anvi of 
the layer. To sei^ that Ibis is so, consider the 
amount of work that has io be spint in 
forming a thin lilm of a li(pnd. Th(^ (ilni that 
is funned wluui a bid>bl(s is blown, or when a. 
soapy solution is Himainxl ov<m’ a. ring; or hoop 
of wire, consistiH of two HiU'fac(^ layers, buck Io 
batik, with some of tbti litpnd Ixd wtxn. Wditm 
tlui (iliu is very ibin, as, for inslanct', ubtui if 
hxdts black in rtDltxdcd light just IxD’orti it 
brtiaks, it may Ix' sabl Io eonMiat <tf two 
Hurfat'c laytM'H only ; but it ean Ix' madti a 
hundrtxl or mort' tbnt's Ihiektu' than that and 
liave (bti sa.m<i Icnsitan for llu' slab' of bamion 
e.xists in the surfatxi lny<M‘M only. Tin* Itnsitm 
of such a lilm, wbtdbcr Ihick Or Ibin, in I he 
lensitm of two surfatx^ laytan ; in other wtu’ds, 
it is twitic tb(' Hurfact^ itaision. It tbx's not 
change wlum Mu* lilm contraclM tu- in M retched, 
and it has mnnwarily Mu* sanui value in all 
dir(*e.tions along Mui snrfatx*. 

Let a lupiid (ibn be formt'd on a U-shaped 
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frame {Fig. 20) by wetting a wire AB with 
the liquid, placing it over C, and then draw- 
ing it away in the direction of the arrow. 
The force that will have to be applied to 
draw it away or to hold it from coming back 
is 2^1, where I is the length AB and S is the 
tension of the surface layer on each side of 
the film per unit of length. The quantity 
S so defined measures the surface tension of 
the liquid. Tn drawing the rod away through 
any distance x in the direction of the arrow 
the work done in forming the film is and 
this work is stored in the two surface layers 
of the film, for it is recoverable by letting the 
rod slip back. Hence the energy stored in a 
single surface layer, in consequence of sur- 
face tension, is numerically equal to S per 
unit area of surface. It follows that the 
surface energy of a spherical drop of radius 
r is 4:irr^Q. S is a quantity to be determined 
by experiment in any liquid ; it is a function 



of the tem])erature, becoming smaller when the 
temperature is raised. 

The spherical form which a free drop assumes 
is the form which will make the siirface 
(mergy (for a given volume) a minimum. A 
dro]) resting on a support takes such a form 
as will make its total ])otcntial energy a 
minimum, namely the sum of the energy of 
surface tension and the energy of position 
w'hich the drop possesses in consequence of 
the height of its centre of gravity above the 
kwel ()f the support. 

Imagine now a droj> to bo evaporating under 
conditions that keep its temperature constant. 
Energy has to be supplied in proportion 
to its loss of mass to provide for the latent 
heat of the vapour that is formed. But the 
<lrop is losing surface energy because its 
surface is getting loss, and to some extent 
this reduction of surface energy supplies 
the latent heat that is required ; only the 
remainder has to be supplied from outside 
the drop. Consequently a drop will continue 
to evaporate into an atmosphere which 
W'ould bo saturated with respect to the same 


liquid in bulk. There can be no equilibrium 
between a drop and a surrounding atmosphere 
of saturated vapour. As the drop gets smaller, 
a stage is reached w'hen the loss of potential 
energy due to contraction of the surface is 
sufficient to supply all the latent heat of the 
vapour that is passing off- After that the 
evaporation of the drop would complete itself 
without any furt-her supply of heat, if surface 
tension continued to operate in the same 
way. 

Eor the same reason a drop cannot form 
except around a nucleus, and the larger the 
nucleus the more readily it forms. To make 
drops form, the surrounding vapour must be 
supersaturated to an extent which depends 
on the smallness of the nuclei. When particles 
of dust are present in expanding vapour, 
the first drops to be formed use them for nuclei, 
as was shown by Aitken {Trans. B.S.E. vol. 
XXX.), and only a small amount of super- 
saturation is required before such drops 
begin to form. 

Experiments by C. T. R. Wilson (PhiL 
Trans. 1887, 1889) show that when dust- 
free air containing water-vapour is suddenly 
expanded clouds are formed, but only when 
there is much supersaturation of the vapour. 
The water particles composing these clouds 
are formed around nuclei which may consist 
of accidental coaggregations of the mole- 
cules of the gas itself, or of electrically charged 
molecules, such as are always present in small 
numbers. The presence of an electric charge 
greatly favours condensation of the vapour 
upon any nucleus. As an electrified drop 
evaporates, the charge remains behind ; the 
potential energy due to electrification there- 
fore increases as the drop becomes smaller, 
for the energy due to a constant electric 
charge varies inversely as the radius of the 
sphere that carries it. In this respect the 
effect of an electric charge is opposite to 
that of surface tension. Hence when a drop 
is charged more energy has to be supphed from 
outside to make it evaporate than would he 
required if it were uncharged. An electrically 
charged drop will therefore evaporate less 
readily than an uncharged drop of the same 
size, and may grow larger in an atmosphere 
that is but little supersaturated or even not 
supersaturated at all. In vapour which is 
slightly supersaturated it is found that any 
ionising action, such as that of an electric 
spark, or of Rdntgen rays, or of ultraviolet 
light, brings about a cloud of condensation, 
by creating fresh nuclei, or by stimulating 
the pow’ers of existing nuclei through causing 
them to acquire an electric charge. 

Confining ourselves, however, to cases in 
which there is no electrification, we may 
consider how, as a consequence of surface 
tension, the equilibrium of liquid and vapour 
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depends on the curvatures of the Hui-faeso 
between them. Assume the. liquid and the 
vapour to bo at the same tom})craturo. 
Liquid witli a Hat surface is in equilibrium 
with the vapour above it when the va])oiir 
is at the pressure of saturation : there is then 
no tendency on the whole for the liquid to 
evaporate or for the vapour to condense, any 
evaporation that occurs being exactly balanced 
by an equal amount of condensation. ‘J^iquid 
with a convex curved surface is in equilibrium 
with the vapour only when the ])ressure of 
the vapour exceeds the normal saturation 
pressure by a definite amount ; in other words, 
only when the vapour is sufficiently aup(M'- 
saturated. The degree of supersatu ration 
necessary for ocpii- 
librium depends on 
the curvature of 
the sui*fac(^, in a 
manner first estab- 
lished by Kelvin 
{Proc. 

1870). Lot P, bo 
the normal press- 
ure of saturation 
(namely, the satu- 
ration XJressuro for 
any assigned tom- 
poraturo as given 
in tables of the 
properties of satxi- 
ratod steam, which 
is the oquilibnum 
vai)our j)rcasure 
over the fiat sur- 
face of a liquid) 
and let P*' bo the 
equilibrium vapour 
pressure over a 
curved surface. 
Take for this pur- 
f)ose the curved 
Pin. lii. surface at A, 

iJl, which jsform(‘d 
by holding in the liquid a capillary tube of a 
material such that the liquid docs not wot it. 
The column of liquid in the tube is accordingly 
doprosaod through some diHtanc‘.o h, and if 
the boro is small enougli the free surface at 
A is sensibly ])art of a sphere. Imagine the 
liquid to be oontainod in a elosecl vi'issel, 
and that the space (f above it contains nothing 
but the vajxjur of the li(juid. Let all be at 
onc tomporaUiro T, and in ociuilibrium. ()v<u* 
the fiat surface at B there is vapour whose 
pressure is : over the (uirved Hurfa(te at 
A there is vajxjur of a higher ))resHuro P'. 
The dilTeronco P' - P^ is equal to the weight 
of the column of vapour in the tube (per unit 
area of cross sc'.otion) from the level of A to 
the level of B. jjot a Iks the weight of unit 
volume of the va])our. If this wore constant. 



the weight of the column of va-ponr in tins IuIms 
( per unit area of section) would Iks simply 
ah. But a (l(sp(Muls upon tins pn'ssuns P; 
it is o(|ual to 1/V and may thenfiore hts 
written 

P 

if Ave take the e(jua(ion PV IPt to apply, 
as it apf)roximai.(‘ly (loess. Tlu^ dilT(M’(snc(s in 
the two vaf)onr pressur(\s is 

fiTdh, 

integrated l>etwe(sn the ksvc'l at/ B and tihe 
level at A. 

(lom])are msxt tins hydroHlatics pn^SHunss 
within the li(juid just umhsr t.lu' Huifiuscs a,t B 
and just under tins surfacse at A. dust umUw 
the fiat Hurfacse at B t.h(^ hydrosta,ti(s ])r('SMure 
in the liquid is e(jual to the pressures of tho 
vapour over the surfaeses ; it is i/hensforc^ 
ccpial to P„. As wes go down through tlus 
liquid to tho levcsl of A, the hydroHi/ati(s 
pressure inesreasess by the an\ount />//, wlusres 
p is tho weight <sf unit volume of tlus licpiid. 
Therefore just under the curved surfac.e at 
A its value is ph. But the liydroBtatio 
pressure under tho curved surhuse at A may 
also be calculated in another way. fifiie top 
of tho liqtiid column at A, wiii(sh ha,s a. snrfius(s 
layer in tension, may he tnsarisd as a H(gm(ait 
of a spKoro of radius r. Bs Hurfa(s(' lay('r forms 
a cap wlioHc Hm’fae(s tension M cause's ili to 
press down upon the Ii(juid below with a 
pressure p suc.h that irr-p ^TrrS. Tlmt this 
is so will ho scon by csonsidisring the (S(juilil)rium 
of a complete hemisphere of the sauus curvature' 
and with the same surfaces tension. Bound 
the (sireumforoiusc (27rr) of Hus horlviontal 
plane forming tho basts of such a htsmisplusrts 
there would be a vt'rtical fortse 27 rrS balantsing 
the resultant forests tine tt) th(s basts pressure p 
acting t>n the area of Trr'*^. lit'tico 

2S 
V ■ ,> 

and the hydrostatic pn'ssurts just undt'r tiu' 
tsnrvetl surfatsts is (bt'rt'foi'ts ('(jual to 

Btpiating tlic two (sxpn'HHions for this hydro- 
static prtssHurts, wts bavts 

i>. i,,/« 

r ^ 

or I’.)- 

Meneo, sintse P^ -P^ /m/Zq 

vh’ Jiidh' J{f)‘ 'a)(Th. 
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And Hinc<‘ odh, 

j I y(^ry imivly, 

b(‘(vniH(‘ (I 'iH Hinall ('omjHvn'd with p. 

On Hnl)H( itul-in/j; i’nr <r iluH approxiinji- 

iion ; 4 ;iv(ss 

,,-r i>-r 1 1’' 

*' J.N 

, !>' an 

Applu'd in ji HphnrUiJil drop of nidiiiB r tlxia 
(a.pproxinuii('ly) <'X|)r('HsnH liovv big luuwi 
bn (Ik^ pi’('HHUi’(' in iihn HuporHJiiuraiod 
vapour around ilu^ drop in n^laiion io iiio 
normal pr('HKur<^ of Ha,iuraiion for tlm hjiuk^ 
t(unp(''raiiur(\ if ilu’i drop in junt to owaipn 
ahriidving by ('vaporaiion. Any inoroaHo of 
V ' abov(' ilu^ vnfiu^ ho tvdtuilaiiCMl would cauHo 
(ho drop lio gi’ow. ('xproHHion also hIiowh 

wlial^ in IJu' hsaHi- Hi/-(^ of drop Oint (fan (fxiHt 
in ail atinoHplu'ro wiOi a, givum (logro(> of Hupiu’- 
HaAura.Iion: any drop for whinli r is HnmlU'r 
would diHappi'ai' by ('vuiporaiion ; on (>l\o oih(‘r 
hand any drop for which r la largiu’ wiaild grow. 

l( i.M only wlaai llu' drop is v(‘ry Huiall that 
lh(' <'XC('HH of 1*' over l\, in conHidnrabh'. With, 
wn((‘r-vn,pour a,l> 10" K/i (wJiioh in tr(vii(fd 
UH (‘((lud liO I*V) iH ,1 *,‘10 X’ ,10^ in (UhS. unitB. 
d'ht' HurfatHi (.(MiHion of watca' at that tompe^ra- 
tui'o in aboui' 7(1 dyiu'H [xu’ linear ccntimc'itrc, 
and fi iH 1 granuno pc'r oubio continioi.ro. 
llon.0 

l<'Ki(ip^ 1) ’ 

wluMHf 1) in tlKwlianudicrof (Jiodropin niilliontliH 
of a, inillini<'(ir(f. ddio formula anoordingiygiviw 
(h<H-i(( ri'HultH, for dropH of walrci’ : 


nijum'icr of brop 

In Milllonl.Un of u 

Ratio of P' to i‘.. 

Milllmi'l.ri'. 


IPO 

bP2 

bo 

1-Pb 

IP 

1 *20 

h 

1 -bP 


:p2 


10*2 


'I'hia nu'aiiM, for inMl'aiuas (iha(i a droj) of water 
(avo rnillionIJm of a- milllnu'lre in dianud-er 
will p;i’ow if (luf ratio of HUp(U’Haturation in 
(In' vapour around i(. in gr(fa(.(u* (han bu(. 
will ('va.porate if (Indi ratio iH IcHH. Ilciruui 
wluMi (luf ratio in ibli, dropH will not form 
unh'HH (Ji('i’(f are mmht premmt which arc at 
hnml. big (mough to Ixf (xiuivalent (o aphercH 
wi(.h a diuinuftcw of two-millionthH of a milli- 
nud-ns 

Hlnular eoiiHithwationH g(mu*n itm forma- 
(hm of hubbh^H in a boiling li(|uid. Any 


Binall bubble may be treated aa a ajxhorical 
Hfiaee of radius r, eontaining gas, lunindcd 
by a Hphorical envelope in which there is 
aurfaco Umsion. Outside of that is the liquid 
at a ])reHauro P. In consequence of the surface 
lenHion in the envelope, the pressure inside 
the bubble miiHt exceed P by the amount 
i2S//% wliere S is tlie surfaee tension in the 
boundary surface of the bubble, making 


When r is very small this implies a great 
oxeoHH of pi’cssiire within the bubble. If 
no partich'S of air or other nuclei wore present 
to Htart the formation of hubbies, boiling 
would not begin until the tcm]>craturo wore 
raiscMl much above the point corresponding 
to the external ]>roHsui*o, and then would occur 
with almost explosive violence. Once formed 
a bubble would bo highly unstable, for as the 
radiuH incnvxscH the tension of the envelope 
becomes U^hh and loss able to balance the 
exeoHS of prtsMHuro within it. This happens, 
to some (uxtiait, when waliCr is boiled after 
lieing fnxMl of air in solution: it is then 
said (o boil with bumping. 

It f()Uows that a purc^ liipiid may bo supor- 
luMit(Ml, that is to say, raised above the 
temperature of saturation corros])ondiag to 
th(^ acdmal proasuro. This is an example of 
a metaHtablo state like the state that is 
produced when a vapour is Hupercoolecl without 
condensing, or when a licpiid is supercooled 
without solidifying. Water at atmospheric 
pressure may be lieatocl to 180" 0. or more 
when it has b('en freed of air and when it is 
kept from contact with the sides of the vessel 
by HXipporting it in oil of • its own density, 
HO (bat the waliCn* tnjvos the form of a large 
globule immerHed in oil. 

In tlu^ ordinary process of boiling, a bubble 
((outaiuH ill general some air or other gas 
Ix'isidi'iH the vapour of tlu^ Ikpiid itself. With- 
out gas in it, the luihhlo could not exist in 
stable e(iuilibriuin. With gas in it, the bubble 
will 1)0 in Htable ecjuilibrium when the partial 
pfH'HHure due to the gas providers the ncctcssary 
exe(W of (be whole internal iiressure P^ over 
the (vxUu’ual prossuro P. Any reduction of the 
bubble's size would then raise the ])roHHuro of 
(be gas more than oncnigh to balance the 
inerciase of 2iS/r. Let P,, bo the vapour 
pressure inside the bubble. ,lf wo assume that 
the (^xi((waal pressure and tom])oraturo remain 
constant, the partial proHsurc duo to the gas 
maybe ex|)resH(xl as (tJr^ whore a is a constant. 
Then P^ "P„ ! a/r‘, and (ihe equation 




or P„ 



a 


determines the value of r at which (be bubble 
is in oquilibriuin. The quantity P,, -1^ is 
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tlic oxc.o.as of tho vaf)Our prcMaure in tbo bubble 
over the proarturo in the li(piid. 1 )iiroroi\tiat- 
iiig thia witli reapoct to r, wo litivo 


dr ' 


~ 0 wlieu 



and tkoroforo when 




4S 
' 3r' 


Hence if a liquid containing bubbles of radius 
r is heated, tho tornj)oraturo will rise until 
the vapour pressure within tho bubbles 
exceeds tho i)reaaure in tho licjuid by the 
amount 4S/3r, but when that point is reached 
the bubbles will beeonio unstable and (d)ulli- 
tion will begin. Callondar {En('\i. Brit., article 
“Vaporisation”) calculates on this basis 
that with bubbles one uiilliiuetro in dia»uet('ir, 
water (under one atnu)S[)horo) will boil at a 
temperature of 100-05° 0., and that to ])roduco 
10° of superheat tho dianiotor of tho bubbles 
must not bo more than about 1 /200 inrn. 

§ (55) COMPRESSEBILITy AND ELASTICITY OF 
A Fluid, — Lot any homogeneous fluid bo 
subjected to an increase of pressure dP, with 
the result that tho volume is reduced from V 
to V - dV. Then - dV /V measures tho volume 
strain, and tho ratio of this strain to dP 
measures tho compressibility. 

The reciprocal of tho compressibility or 
-V(dP/dV) measures what is called the elas- 
ticity of the fluid. Its value will obviously 
depend on the circumstances under which tho 
compression takes place. Suppose for instance 
that tho temperature is kept constant during 
the compression. In that case the expression 
for the elasticity becomes - V(dP/dV),j,, This 
is called the isothermal elasticity of a fluid, 
and will bo denoted hero by E^. Suppose 
on the other hand that no heat is allowed to 
leave or to enter tho fluid during the com- 
pression. In that ease tho ox{)roHHion bocoinea 
- V(dP/dV)^^^. This, wliich is called the adia- 
batic elasticity of a liuid, will be denoted hero 


by E,y 
elasticities 

We have accordingly 

tho two 



• m 



■ m 

Hcnc.o 

K., 

b ; ■ /di>\' " k; • 

W)'t 

■ («<>) 

by e(|uati()n ((53). IBat is to say, tho ratio of 


tho adiabatic to the jsotluu’inal cluHticitv is 
c(| ual to 7 , tho ratio of tlu^ specific- heats. Since 
•Kj, is gr-eahu* tliari K,„ is grcMitcu* than .E^,. 

§'(5()) Ai>l‘LKlATI()WM TO i^ARTlOULAll PluriDH : 
CUAHA<3TI0R1HT1U EQUATION. — Tho thomU)- 


dynaiuu^ ndadous giv(m in (HpiatioUH (21)) i,o 
(90) are gcMieraf in the thab May ar(‘ l-ruc^ 

of any (luid. d'hey can be appli(Ml lo d<^(i('r- 
tnino various pr()p(’!r(.i(‘S of any individual iliiid 
when an (H|uati()u coinuMRing one of tlu^ pro- 
perties of iihc Ihiid with two oIIrh's is ki»own. 
SiKth an e(mation is calk'd a- “ ( liara-eleristic. 
E(juation ” or “ E(juation of Sialc'.” I^ln^ 
most usual typc'i of charaicl'(M’iMti(^ ('(juation 
is on,e <'.onnec.iiug tlu' volume (of a. givc'u mass) 
with ilu'i pn'HHun^ and tlie t(Mn|H'rat.nr('. VVIk'U 
tins is known, a,nd wln'n, in addition, th(R’(^ a.ix' 
data as io fbe variation of tlu' inl-ei’nal ('JU'rgy 
with the tcnqxwaiunv, numerical vatin^s of 
the tiK’irmodynamie proporticis of iih(^ giv<m 
fluid in vai'ions stakes may be calculaied by 
helf) of the general relations whieh have 
been detaiU'd. 

§ (57) PR(U‘WRTl.nH OR A Pl'lliRMOT (IaH. - 
The Him[)lest examph^ of a- eharacfl'i'islte 
equation is that of an i(hml gas, namely (§ (())) 

PV Wl\ 

whore R is constant. VVe may illnstral^'i the 
use of some of itie general tlnu'modynanut! 
relations by applying them to this ideal sid)- 
stanco. On dilTenmtiating tlie (diaracteristic^ 
equation of an ideal gas, wo have 

PdVH-VdP . : RdT. 

Houco in such a gas 

fd?\ R P fdV\ R V 

Ul.7v''V T’ VHV,/ P T’ 



By equations (53) and (57), in any fluid, 



Jlcncc in the ideal gas 

C2v),„ 


3tnis it follows fi’om iln^ eluiractia'istie ('((na- 
tion tihat both K,, and are eonsl-a-nt a-t any 
oiK^ liem[)((ratnr(^ : in oilua’ words, tiny a.rc' 
indopeiuk'nt of th(^ pi’i'SHun'. Tiny may, 
h()w<w(n‘, va.iy witli (.('miH'ratun^ : tla^ (‘hanm- 
teristtc- (Hpiation givt^s no information on that 
point. 

By (Mjnation (58), in any (luid, 



lleiHK^ in tlu^ kh^d gas 

K* ■ K„ T . U,. 

in agreenumt with (upiation (2). 3’lm factor A 



THERMODYNAMICS 


is omitted because quantities of heat are here 
expressed in work units. 

By equation (75), in any fluid the cooling eflect 
m the Joule-Thomson porous plug experiment is 

In the ideal gas (<fV'/(^T)p = V/T ; hence the 
quantity in square brackets vanishes and there 
is no cooling eflect. 

By equation (66), in any fluid, 

In the ideal gas T((A7dZT)v = P, hence 
dE = K4T, 

and since Iv„ is independent of the pressure, 
it follows that the internal energy of the 
ideal gas depends upon the temperature alone. 
The ideal gas exactly obeys Joule’s Law. 

By equation (69), in any fluid, 

<a=K,^T+[v-T(gj<iP. 


In the ideal gas T(dV/c/T)p=V, hence 

and since K,, is independent of the pressure 
it follows that the total heat of the ideal 
gas also depends upon the temperature alone. 

These results show that a gas which conforms 
e.xactly t<j the characteristic equation PV=RT 
(T being the temperature on the thermodynamic 
scale) conforms exactly both to Boyle’s Law 
(PV constant for any one temperature) and 
to Joule’s Law (B a function of the tempera- 
ture alone). It is therefore “ perfect ” in the 
sense of § (12). 

When the equation PV = BT was intro- 
duced in § (6) the symbol T denoted temperature 
on tlie scale of the gas thermometer, that is 
to say, a scale deiined by the expansion of the 
gas itself, and the gas was assumed to conform 
exactly to Boyle’s Law. But if it also con- 
forms exactly to Joule’s Law, the scale of 
the gas thermometer coincides with the 
thermodynamic- scale (§ (22)). 

By equation (63n) for the adiabatic expansion 
of any fluid, 



Hence in the ideal gas 



~7 


P 


So that in the adiabatic expansion 
ideal gas 

p +7v=0. 


If now W'e make the further assumption 
that y constant, which is equivalent to 


067 


assuming that the specific heat does not 
vary with temperature, this gives on integra- 
tion PV^= const., as in equation (4), § (15). 

For the entropy, energy, and total heat 
of the ideal gas we have, by equations (38) 
and (39), in any fluid, 

-f P<fV_ (ZI-V cZP 

In the ideal gas 


dE = K^,c?T and dl ~ KpcZT, 
and since PV = RT, 

d,t,=K.^ + -R^ 

TT dT cZP_ 


If, as before, we assume that the specific 
heat does not vary with the temperature, 
these results give on integration 

E=K„T + const., 

I=KpT + const., 

9 !) = loge T + R log« V + const. 

= log , T - R loge P + const. 

The values of the constants of course 
depend on what initial state is chosen as the 
starting-point of the reckoning. When we 
are concerned only with changes of E, I, or 
<p the integration is between limits and the 
constants disappear. 

As an example, consider the change of 
entropy which occurs in Joule’s experiment 
(§ (12)) when a gas, originally contained in one 
vessel, expands without doing work and with- 
out taking in or giving out heat, so as to 
distribute itself between that vessel and 
another. Let V he the original volume and 
V' the greater volume after expansion. With 
an ideal gas there is no change in T or in E 
or in I. But the above expression for 0 
shows that, as a result of the irreversible 
expansion, the entropy has increased by the 
amount 

«;i.^-0=R(log,W-log.V) 


or B(logcP -logeP')- 

Though the system has lost no energy it has 
lost availability for conversion into work. 
A quantity of energy has been dissipated which 
is equal to the work that might have been done 
had the gas expanded reversibly from the 
same initial to the same final state without 
change of temperature, namely, 



RT 


«W = RT(logeW-log,V). 


We may regard that amount of work as done 
internally, in giving kinetic energy to the 
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gas as it Hiroams from one vessel to the 
other, and then as con verted into heat V'iihiii 
the gas. From this point of view the on'ec.li 
on the ontro]\y is the same as if the gas 
wore to take in, at tein])craturo T and with- 
out irrcvorsihlo action, a quantity of heat 
equivalent to that amount of work. The 
entro])y would thorohy ho inerouHCHl by 
RT(log^ -log,. V)/T, which is equal to the 
above expression for <[/ - (p. TJio loss of 
availability on the part of tlio energy of the 
system for conversion into work is measured 
by T{4>' - 0). 

Similarly when an ideal gas streams con- 
tinuously through a ])(n‘ 0 UH ])lug or other 
constricted oriliee from a region of pressure 
P to a region of j)rcssurc P', without taking 
in or giving out heat, as in the Joule-Tlioinsou 
experiment, there is again no change in T 
or in E or in I, but the entr<')py inoroasos by 
bho amount 

</)'-0 = P(log,P-.log„P'). 

Here also, as a result of tlio irreversible 
process, the energy of the gas loses avail- 
ability for conversion into wt)rk to an extent 
which is measured hy the i)roduct of that 
quantity into T. 

It should bo noted that these conclusions 
are in agreemenb with § (51), where it was sliown 
that the dccrcmont of the function xj/, namely 
yp-'f'p measures the amount by which the 
energy of any system loses availability for 
conversion into work in an isothermal proexvss. 
Por since T// = E-T<r/>, T(l(p <}>d!\\ 

In cither the Joule ex])erimerit or the Joidc!- 
Thomson ex])orimont dK and dl'' arc zero for 
an ideal gas, hence d\p== - !>/</>, making the 
loss of availabil ity = T( cp' — <p), as 

above. 

§ (58) Patio ov the SeEOiFto Heath tn 
Gases. — W o saw (§ (55')) that in any fluid the 
ratio y of the two specific- heats and K,, 
is equal to the ratio of the adiabatic? edas- 
ticity E,/, to ihe isotluM’mal elasticity 
and also that 1]^= -W{d.?ldy)^, Ilencio in a 
gas for which IW~PT, 

E,= v(|^)=T> and }<:,i-.yV. 

dJiis relation has be(‘n ustnl a-s a nnmns 
of finding y experimentally in air and other 
gases which at ordinary tenuperatures and 
])i’esHures very nearly conform to the equation 
PV — RT. The mobhocl is bastHl on N(nvtoii’s 
theory of the transmission of wfvves of sound. 
Newton showed that waves of c-ompresHion 
and dilatation, su(?h as those of sound, travel 
through any homogeneous fluid with a veloeJiy 
which may Ik^ exprossod as ^/EV, where V 
is as usual the volume of th<? fluid p(?r’ nni1» 
mass (flu'i ree-iproc.al of the average density) 
and E is the elasti(?ity, in kinetic units. It 


was afterwards poinh'd out hy LapliKH? thaf 
in applying this rc'sult (o tlu? [Uissage of sound 
through air or otlnu’ gas(‘s F should in? fakeii 
as the adiabatic, elasticity for i.lu? com- 
j)ressions and dilataiions follow om? anoi.luu* 
HO fast an to leave no fiime for any subsiiauiiial 
transfer of heat from the poi’tions that ar(‘ 
momentarily heated by eompn'ssion to tboH<? 
that are momentarily e.ooled hy ('xpa-nsion. 
lloneo ill air under atmosphm'ic conditions, 
or ill any other nearly pcu’hs't. gas, sound 
travels at a rate eipial to \/7kV. d’hls fact 
is used as a means of determining 7 l>y nu'nsur- 
ing the velocity of sound or (whaf. conu's f.o 
the same thing) by measuring ihe? wavi?-lenglh 
in sound of a known pitc.li. 

Ill air at 0" G. and a pressure of one atmo- 
vsphere the vahu?s given hy vaii'ious ohservers 
for the velocity of sound range from ,‘{,‘1,0(10 
to Jill, 240 centimetres peu* s(H?on<l. Ibahu’ (,h(‘S(? 
eoiulitiouH the vt)lum(? of oiici grainnu? of air 
is 77I{-1 cubic cm., and 0 is bOllill > 10^* dync's 
per H(|. c.m. lleiic.<% taking an n.v(M*ag(? of 
,‘{,‘{,1,50 for ih(H v<docily, 

:«,ir)0 ■ >Jy X l-OUCi x I0“ x 77:M. 

whic.h mak<?H 7~1-40I{. 

Another experinuuital imdbod of (l(dcr- 
mining the value of 7 in a gas is thad of ( kuncnti 
and Desormiu A quantity of fix? gas is 
contained in a hirg('i V('SS(‘l ad a i)r('ssur(' sonu^- 
what higluM’ tluiu tiuif. of (la? afinosphcn*, 
and at atmospluu’i?? fl(^mp(U’alf.ul(‘. Tluu’Ct is a 
pr(wur<'i-gaug(^ a.tta.(k<'d, and a. lap winch 
may he opian’id to allow some of liu' gas I0 
(?sc.apo ((uiekly. On opiMiing tlu^ tup, fin? 
pressure falls suddtmly to iiiat (d f he atmo- 
sphere : when tins lias happcmnl tin? tap is n.t 
(nice elosi'id. dduni tiie prc'ssun? of thc' gas 
that nmiaiuH in the vi'ssi?! slowly rise's, h('ca,uH<? 
the tomperatur(\ whi(?li had Ixxui nHliua'd by 
the sudden expansion of ilie gas in tin? v('SH(‘l 
while t-hci tap was open, rist's gradually to 
the value which iti had ad lirsfi, nanu'ly Hu? 
temperature of ih(' sunounding af.mosplu'nx 
When this proci'ss is comph'le l lu' linal pi’(‘SHUr(' 
is notcid. k(di the oi’igiiud pj’c'ssuro h(' 1^, 
the pi'essupc of tlu' a,tmosph('r(' 0.,, and flu? 
(inal jircssun? P.,. J'lu' ('hang(‘ from P, (n P,. 
is approximaitcdy adia.l>n,iic on a.ccounfi of its 
suddenness; tiu' change from lb lo P., occurs 
at c.onstant volumt'. k(‘t V|, and \'j, bt? 
tih(? 'voluuK'H of t,b(? gas pri' luiil ad Hu' 

three eorr('H|)onding slagq's. d'lu'ti V., 

Hi is a.ssumc'd t.hai. fiu’i gas conforms, v<'ry 
nearly, to tluMMjuaf ion P\' IPl’, W<mu*cor(i- 
ingly luivi', in I.Ik? adiabatic (‘xpansion, 

:p,v,^ p,v,n 

and Hinei? tiu'i init-ini and final tmup(M'ai.ur<'H 
ar(? tlu^ Hanu', 

p,v, p.,\v 
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_log V^-log Pa 
log Pi -log Pa' 


Values of y are accordingly found by observ- 
ing these three pressures. Experiments by 
Lummcr and Pringsheim, using this method 
in an improved form, give 1*4025 as the value 
of 7 for normal air. 

Similar methods of experiment applied to 
other gases have shown that in all the light 
diatomic cases, such as hydrogen, oxygen, 
nitrogen, carbonic oxide, nitrous oxide, the 
value of 7 is approximately 1*4 at ordinary 
toinpcratures. It becomes somew^hat less 
when the gas is strongly heated. They have 
also shown that in monatomic gases, such as 
helium or argon or mercury- vapour, the value 
of 7 is very nearly 1 H- and does not change wdien 
the gas is heated. In triatomic and poly- 
atcmiic gases, on the other hand, the experi- 
mentally found values of y do not exceed 1 -J 
and are generally less, especially when the 
gas is lieated. In water- vapour, for example, 
and in carbonic acid gas, both of which are 
triatomic, y is about T3. 

These ex[)erimontal results agree with what 
is to bo expected from the molecular theory 
of gases. According to that theory the 
energy E in a gas is due to movements on the 
])art of the molecules. In a monatomic gas 
substantially all the energy consists of the 
kinetic energy which the molecules have in 
(u)nsequence of their movements of trans- 
lation. In any gas the molecules have three 
degrees of fr<‘e(lom of translation and each of 
these degrees of freedom contributes to the 
whole energy E a quantity equal to JRT 
(sec § (bb)). (Consequently in a monatomic gas 
the whole energy is c(pial to ijHT. This makes 
K„ e([aal to !|R, with the result that (since 
ICy — K„ !- R) K is and 7 is 1 §. In a diatomic 
gas th(‘. mol(‘cul(^s still have energy of trans- 
lation ecpial to but in addition they 

have energy of n)tation about axes transverse 
to the line joining the two atoms of the 
molecule. There are tw’o efTeetivc degrees of 
freedom about such axes, and it follows 
from the theory that each effective degree 
of freedom of rotation takes up the same 
amount of energy as each degree of freedom 
of translation. This brings the value of 
E up to ;]RT, making K^, equal to 5R, 
to JR, ami 7 to IV. If the molecules have 
any appreciable energy of vibration the effect 
of that is to increase Ky and and to reduce 7 . 
This is found to occur when the gas is strongly 
heated, but at ordinary tem})eraturos the 
observed values of the specific heats and of 
7 show that vibration does not contribute 
any substantial part of the whole energy. 
In heavy diatomic gases, on the other hand. 


such as chlorine or the vapours of the other 
halogen elements, there is considerable energy 
of vibration even at moderate temperatures, 
which increases both of the specific heats 
and makes 7 less than 1*4. The energy of 
vibration that affects the specific heat consists 
of to and fro movements on the part of the 
atoms that make up the molecule. In a 
monatomic gas there is no possibility of this 
kind of movement. In most diatomic gases 
it is negligible until the gas is strongly heated, 
but with heavy atoms like those of chlorine, 
vibrating with a comparatively long period, 
it forms a sensible part of the whole energy 
even when the gas is cold. In gases that 
have more than two atoms in the molecule 
there are three effective freedoms of rotation. 
The energy due to translation and rotation 
together is therefore equal to 3RT, which, if 
there were no vibration to be taken account 
of, w'ould make Ky equal to 3R, Kj, equal to 
4R, and 7 equal to 1 -J-. The effect of vibration, 
even at ordinary temperatures, is to make 
7 less, especially in gases with complex mole- 
cules wliere there may be many kinds of to 
and fro movements, with various periods, on 
the part of the atoms within the molecule. 
The general principle holds that those vibra- 
tions which have a long period are excited at 
comparatively low temperatures, contributing 
to the energy and augmenting the specific 
heat, wlxcrcas those of short period are not 
excited and do not contribute appreciably 
until the temperature is high. 

This principle finds expression in a formula ^ 
devised by Planck to connect the energy which 
i.s contributed by vibrations of any particular 
frequency with the temperature, when a 
state of equilibrium has been reached through 
the mutual encounters of the molecules. 
According to Planck’s theory the vibratory 
energy per gramme-molecule of any gas, 
corresponding to any given frequency r, is 

IT - 

whore N is the number of molecules in a 
gramme-molecule, h is a constant known as 
Planck’s constant, which is the same for all 
gases and is aixproximately equal to 6*55 x lO-^^ 
in e.G.S. units. R, as usual, is the gas- 
constant, whose value per gramme-molecule is 
1*985 thermal units or 83*1 x 10® ergs, and e is 
the base of the Napierian logarithms. In a 
gas whose molecules are capable of more than 
one mode of vibration the whole vibrational 
energy would be the sum of as many separate 
terms, in this form, as there are modes. At 
any one frequency let the quantity J^hvj'RT 
be represented by x. Then Planck’s formula 
becomes ^ 

^ See article “ Quantum Theory,” Vol. IV. 
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Tho factor -I) i/o wards tUc 'valuo 

I as T is indc(uut(dy iiicrcasod, for ’thou x 



bcoouios indcdinitoly small, but is iuHiKuili- 
catitly small when T is low. Idottod in relation 


to T it gives a (iurve 22) with a scarcsely 
proce])tiI)lo rise at tlio beginning, then a nteep 
ascent, and dually an asyrnptotici approach 
to the limit, at which its valuo is L Accord- 
ingly, in tho heating of tlu^ gas whoso niolo** 


cxdes may vibraliCi with a }>a,rlficuhir IVxspuMicy, 
tho amount of (MUU’gy which they talo^ up in 
respect of that vibration is m^'uiy nil at: (irsl., 
then inerea:S<^s rapidly, and linally n:i>proa.eh('H 
a liniitiirg value (npial to \i'V wlam ilu^ tmupiMVi" 
taro is in<lermit('ly raisxal. d'lu^ t('mp(M'at,ui’o 
at wbieti the rapid ris(> Ix'gins is r(‘lativ(ty 
high for vibrations of short jxM’iod. 

§ (50) llVll’KRl''K(1T ( I ASMS. Am aoatN ( hUtVMS. 
Van dmh Waat-h’ MQttATioNd No r(‘a:l gas 
strietly conforms to the simph^ ehurax'tic'ristio 
equation iW Rid\ Rxpxa'iuumts by Andrx'ws, 
Ainagat, ami others''^ show tha,t at any one 
totnj>(M*aturo the product i^V is not xpiiU'i 
constant, it generally varies with tho j)r(‘HM- 
uro in tho mauiua,* of the (uirvos in AVf/. 22, 


first dociHMising a.nd tlum incrcaising ns the 
pressure in raistal i:o high vahu's. 

' H('(^ article “t’li<a‘mal I'^xpauHloa/* § (IH) 11. 

“ Mc(t particularly “ Thcrmodyaaialc I'roruath'H of 
Air/'also Wltkowskl, Phil. DUk}., IHDO, .\U, 1!MH, 
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This is true even at temperatures much 
above the critical temperature, and the 
deviation from Bogie’s Law becomes more 
and more marked as the critical point is 
approached. At any constant temperature 
below the critical temperature the product 
PV diminishes with increasing pressure until 
the pressure of saturation is reached, at which 
the gas liquefies. Above the critical tempera- 
ture an isothermal generally has a minimum 
of PV at a particular pressure, the value of 
which depends on the temperature T for which 
the isothermal is drawn. This will be seen in 
the figure, which gives Amagat’s isothermals 
for carbonic acid at various temperatures 
abiive the critical temperature. With rising 
values of T in any gas the position of the 


The volume of the molecules constitutes an 
appreciable part of the whole volume V 
occupied by the gas, and it is only after making 
a deduction for it that we have the volume 
that can be reduced by applying more pressure. 
There is some attraction between the molecules, 
which causes a small part of the energy of the 
gas, to be due to their mutual attractions and 
assists the external pressure P in preventing 
the gas from expanding. Van der Waals has 
endeavoured to frame a characteristic equation 
which will take account of these two effects. 
If the first effect stood alone we should have 
P(V— 6) = RT where 6, which is called the 
co-volume, represents the deduction due to 
the volume of the molecules. The attraction 
between molecules will depend on the number 



minimum of PV on the isothermal shifts 
first to tlic right, and then (as the temperature 
is further raised) to the left. Accordingly, 
wlien T is much al)ovc the critical temperature 
the whole isothermal may consist of a line 
sloping upwards with increasing P. This is 
the (uisc with hydrogen at ordinary tempera- 
tures {Fig. 24), though at much lower 
temperatures the isothermals would at first 
8lo])C down t()wards a minimum, and conse- 
quently (see § (fiO)) the Joule-Thomson effect, 
which (lei>ends in part on the value of 
(d(PV)/dP)y, suffers inversion. 

Tlie molecular theory shows that a gas 
cannot bo expected to conform to the equation 
PV = RT unless (1) the size of the molecules 
is indefinitely small compared with the 
distances traversed by them between their 
encounters, and (2) no appreciable part of 
the energy of the gas is due to the mutual 
attraction of the molecules for one another. 
In a real gas neither of these conditions holds. 


which are at any moment so near as to be 
exercising mutual forces : on any unit plane 
.within the gas this will be proportional to 
the square of the dehsity. Accordingly Van 
der Waals takes ajV^ as the term to be added 
to P. Ho treats a and b as constants for any 
particular fluid, and so obtains the equation 

(p+^“)(v-j)=RT . . (91) 

as a characteristic equation applicable to any 
homogeneous state, gaseous or liquid. It does 
in fact represent comprehensively the chief 
phenomena of both states, and also those of 
the critical point, but when examined in 
detail it fails to give exact results. If the 
constants are adjusted to bring the formula 
into close agreement with one set of observed 
phenomena, such as the relation of volume 
to pressure along an isothermal, there are 
quantitative discrepancies in other phenomena 
such as the Joule-Thomson cooling effect, 
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between the calculated and observed figures. 
The apparent reason of this failure is that the 
“ constants ” of the formula are not strictly 
constant : they are functions of the teraiicra- 
ture or the density or both. Attempts by 
Clausius, Dieterici, and others to modify the 
Van der Waals equation have been only parti- 
ally successful. Though characteristic equa- 
tions of the Van der Waals type serve well as a 
broad guide to the behaviour of fluids, none 
of them can be accepted as strictly accurate. 
It appears that the properties of a fluid are 
too complex to bo expressed by moans of a 
formula containing so small a number of 
adjustable constants. 

Before any equation of the kind had been 
framed James Thomson had suggested that 
in drawing the separate isothermal curves 
of P and V for a Hquid and its vapour, at any 
temperature below the critical temperature, 
as in Fig. 10, we might think of an imaginary 
connection between them such as is sketched 
in Fig. 25, where AB, which relates to the 
liquid, and CD, which relates to the 
vapour, are regarded as forming 
parts of a continuous curve AJLD. 
The connecting curve JL is a mathe- 
matical abstraction, hut it allows a 
continuous algebraic expression for P 
in relation to V (such as that of Van 



Volume 


Fig. 25. — James Thomson’s Ideal Isothermal. 

der Waals) to be interpreted for isothermals 
below the critical temperature as well as for 
isothermals above that temperature. The 
straight line BC, which represents the actual 
change from liquid to vapour by vaporisation at 
constant pressure, stands at such a level that 
the area B JK is equal to the area K LC : h )r 
we may conceive the fluid to bo taken througli 
a complete cycle from B through JKL to C 
and then hack to B by the straight lino CB. 
During this imaginary cycle its tcqifipcraturo 
does not change, and therefore, by Oarnot’s 
principle, the work done in the cycle as a 
whole is zero, ovJVdY = 0. 

A characteristic equation such as that of 
Van der Waals expresses in algebraic form 
this imaginary continuity between the iso- 
thermal curves for the liquid and for the 
vapour, at temperatures below the critical 


temperature, as well as the real (u)ni/muil.y 
in isothermal eurves above it. Van dor Waals’ 
equation may ho writlon thus, as a cubic, in V, 


V3_ 



ah 

D 


r-.O. 


For any one isothermal, ibis gives tbr(‘(^ roots, 
real or imaginary, for V, corresfioiuling to 
any assigned value of P. When ilu'. bnupora- 
turo for which this isothermal is drawn is 
higher than the cntic-.al temjieratuiH^ only one 
of the tbroo roots is real : that is to say, tluu'c 
is only one value of V for each valuc'i of P 
on any isothermal that glasses through the 
critical point. At any tonqieraturc^ bolt>w the 
critical temperature all three n)ois atx^ ixnil 
in the mathematical sense. The isotlun'inal 
curve calculated from the equation tluui takers 
the continuous form conceived by .lainoH 
Thomson and illustrated in Fig. 25. One. of the 
throe roots corresponds to a point on the curve 
AJ, another to a point on DL, and tlu'i third 
to a point (not realisable experimentally) on 
JL. 

Van der Waals’ equation makes the product 
PV, for constant T, vary in the maimer 
indicated by Amagat’s isotbormals, showing 
a minimum at a particular value of th(^ 
jiressure that depends on the tcm-|)oraturo for 
which the isothermal is drawm. Writing the 
equation in the form 


_RTV_ 

V’ 


and differentiating with respecdi to P, Iceepitig 
I T constant, wo have 

MPV)\ r-WS!b a-\/dY\ 

\ tZP'‘A“L(V-6)2‘^V!*JUi7T' 

I Since on any isothermal d(PV)/^^P is zero at 
the minimum of PV, the quantity within the 
square brackets must vanish at that iioint. 
Hence, on any isothermal, the minimum of 
PV is found when tho volume is such that 

6\ 2J'iRT 
\ YJ"’ a * 

This shows that tho volume at which, the 
minimum of PV (x^eurs on any is<dhermail 
becomes greater as tlie tenqxn’ainn^ is raised. 
When tho tem|)eraiuro is so liigli tha.l llx^ 
minimum (xieurs ;it Z(‘ro presHiir(\ V is in- 
definitely large; I (h/V) ihoii l)(MX)m<\s (xjua.I to 
1, and T is given by the (x|uation = 
lienee in a fluid wlu(ih saitiH(i(‘s Van (Uu* 
Waals’ eipiation an Artiagali isoiluTmal for 
a temperature (Mjual to or gr<m.t(‘r tlurn 
a/hR will slojK’! up along it^s wholci e.ours(% 
with iiunmsing I^ but an isotlnuMnal for 
any temperature low(n’ tlum this will first 
di|) towards a minimum of I*V n.n(I tinuj 
rise. 

To find tho critical point of a fluid ^vhw,h 
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HJviiHlii'H \'iu\ {Wv WaalH write tlio 

(HHUilion ill t.ht^ form 


from wiiicli 


and 


,, iri! a 
Vh 

MT 2«. 
\dv)v (V 6)" V" 

/dH^\ im 

\(iVV<^^ (V hf V'l* 


At Ui(^ rritiral point, in any (luUl, 

llmKH', writin/jf ^r,„ 1*,., and V<. for the oritieal 
t('mp<'ndur(\ proHHurr, and vohiin(% wo Hlumld 
Ivav(% in a Van dor VVaaln Ihiid, 


m\ %t , 211T, 

(V<,^<6)« V/‘ 

TIuh |i(ivoH 

from whioli V, 3/> 


Uf foUowM alno l.hat 


dV - 


H a 
27 R/> 


and ,l\. - 


a 

2762* 


'PhuH if iilu^ oouHtautH a ami 6 an well aw R 
wm'o known for a pjan wliioh Htrictly Hatinliod 
Van dor Wanin’ 0 (| nation, tlio critical volume, 
(HMnp(n’aturo, and pu'HHuro bo caloxilatod : 
or <'onv(n'Hcly the conHtantH might bo inferred 
from known valuoH of T,., and V,.. 

§((10) (loRitMHPONDiNO StatiosA- If WO havo 
two or more dilTermit IluidH to which Van dcr 
VVaalw’ iMpiatioii applii^ with dill'crent <m)u- 
HtantH for (^aeb 1lnid, an important ndatlon 
bclrWccn I'hmn can be cHtabliHlicd by H(d<‘.c.ting 
Hca.h'M of l,(nnp<M’atinr<\ prcHWirc, and volume 
mich l-lin.li tln^ eritieid lompin’aturcH of the 
(lilTm-mit llnidH ari^ i^xprcHNcd by tlie Hame 
number, the mniical iitvHHurcH by tlu^ name 
numlun*, and ibt^ critical volumen by the name 
numlier. iHothermal cnrvcH drawn to ilnwi 
HcaleH for th(^ dilTm'ont IluidH will then eoineide : 
in otlim- wordH, a Hingle diagram will nhow the 
ivlntion of I' to V in idl Iho IluidH, when it m 
r<Mid by n^fm-miee to tln^ appropriate sealcH. 
Similarly a idnglo diagram will nhow the 
Anm.fiati eurvi^s for all. Any [loint taken in 
mmh !v diagram, inlerpriib'd on t-lio proper 
He^vk^, iniivkH iv (hdiniliCi Htiite for (laeh fluid ; 
ami for tb<^ dilTm'ent fluiilH it markn what are 
eidletl “ eorreHpeuding HtatoH.” Thnn IhndH 
lire Haid lo be at (mrn^Hponding prcHHuroH when 
Ibeir prciHHureM bi^ar the Hame ratio to the 
n'Hpc'idJve critical prcHHuroH : they aro Haul 
to bo at eorri^Hponding volurnoH when their 
voInmoH boiar the name ratio to the roHpoctivo 


‘ Si'ealHo ‘‘TIuMMiial hxiiiniHlon,*’ 


critical volunies, and at corresponding tempera- 
ture's when their temperatures bear the same 
ratio to the respective critical temperatures, 
tf substances conform to a characteristic 
equation of the Van der Waals type all three 
t|uantitics P, V, and T, simultaneously have 
I'.orrcH ponding values in the sense here defined, 
'fit) put this statement in another form, let 
the unit of temperature chosen for each fluid 
ho its (absolute) critical temperature, the 
unit of volume its critical volume, and the 
unit of pressure its critical pressure. Then 
one family of curves, cither on the pressure- 
volume diagram or the Amagat diagram, will 
Horvo to represent the isothermals for all 
fluids that conform to a characteristic equation 
of the Van dcr Waals type. 

That this is true of any fluid to which the 
Van dor Waals equation applies will he 
soon by reducing the equation to a more 
general form. Take any such fluid, in any 
given state, and write its pressure P as 
where p^ is the number by which the pressure 
is stated when wo use the critical pressure 
as the unit of ])rossure. Similarly for Y write 
'Vf,Vc whore is the number by which the 
volume is stated when wo use the critical 
volume as the unit of volume ; and for 
T write where is the number that 
expresses the (absolute) temperature when 
wo UHo iho critical temperature T^ as unit 
of tcm])eraturc. The quantities and 

i,. are called the ‘‘ reduced ” pressure, volume, 
and toni})craturo rcsjjectivcly. 

Tlioti P=y,-'P<-J’.-5f5a> 

V = v,.V,=v,.3b, 


On Hubstituting tbose valiicH in Van dcr Waals’ 
ecpiation, 

(P+",)(V~6)=BT. 

it will bo Hcen tliat the coiiHtants a, h, and B 
canc(fl out, and the equation becomes 

(3>r+^\)K-})=!!*-- • • (92) 

The constants that cbaracioriscd a pariicular 
fluid havo diwaiipoarod. Accordingly this 
“ reduced ” characitcristic equation, as it 
is called, is true of any substance that satisfies 
a Van dor Waals ocpiation, and consequently 
the forms of the curves connecting p^, v^y and 
ari^ the same for all such substances. 

This IH the thoororn of corresponding states, 
first) enunciated by Van dcr Waala. It was 
ti^Htod by Amagat and found by him to be 
nearly true of a number of fluids which he 
exatnined through a wide range of conditions, 
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and it has been shown by Young to hold 
approximately in many substances. The 
v-alidity of the principle does not depend on 
the precise form of the characteristic equation : 
Van der Waals’ equation is by no means the 
only one that would lead to the same conclu- 
sion. Any characteristic equation connecting 
P, V, and T with no more than three in- 
dependent constants (two adjustable constants 
in addition to R), and giving a critical point, 
can be brought in Lilie manner to the form of 
a “ reduced ” equation in which the constants 
peculiar to the fluid have disappeared. Hence 
any such equation serves equally well as a 
basis for the theorem of corresponding stgites. 

§(61) Callendar’s Equation eor Steam.^ — 
One of the uses of a characteristic equation is 
to give, in conjunction with the general 
thermodynamic relations, a set of numerical 
values of the properties of the fluid which 
will be thermodynamically consistent with 
one another. For the practical purpose of 
enabling tables to be calculated which will 
show the properties of a fluid throughout a 
limited range of variation of state, it is not 
impossible to frame a characteristic equation 
which, by empirical adjustment of the con- 
stants, will serve well within that range, 
though it may fail entirely outside the range. 
A conspicuous example is the equation which 
Professor H. L. Callendar has devised as a 
characteristic equation, apjDlicable to any 
substance in the gaseous state at low or 
moderate pressures, and has used in calculating 
his Tables of the properties of Steam. 
Callendar’ s equation gives results which 
agree well with the experimental data for 
water vapour throughout the range of tem- 
peratures and pressures which arc met with 
in engineering practice, hut it does not apply 
at higher pressures, and it makes no attempt 
to express the continuity of the gaseous and 
liquid states. The Callendar equation is 

V=^-c + 6, . . . (93) 

where RT/P is, as usual, the ideal volume of a 
perfect gas ; 6 is a constant representing tlio 
GO -volume, as in the equation of Van dor 
Waals, and c is a term which is not constant 
but is a function of the temi)eraturo. Calleiidar 
takes c— C/T", where C is a constant and n is a 
number which depends on the nature of the 
gas and is taken as -b" for steam. The quantity 
c is called the “ coaggregation volume ” : it 
rexoresents the effect of intor-molccular forces 
in reducing the volume below its ideal value 
in consequence of a temporary interlinking 
of some of the molecules during their en- 
counters. The equation is treated as a])x')lying 
to diy steam in any state (saturated or Huper- 

^ See Properties of Pteum, H, L. Callendar (E. Arnold, 
1920). Also EM'inf?’s Thermodiinamif's for Engineers. 
chax). viii. 


heated) x’i’<^’vidod tho prossnro is loss tlian 
say 600 i)oiiikIh per H(juaro inch and tlio 
tomiieraturc lower than 500'' V. Wlien apjn-o- 
XU'iato values are assigiiod to tho (Constants, 
the equation, within thc^so limits of a[i|>liea- 
hility, takes for water vaxxmr tlu^ form 


V=: 


15417T 

P 


157-52 X UV' 


d- 0-0 1602, 


where V is the volume of 1 lb. of water vapoui' 
in cubic feet, P is the xiressuro in jxmnds p('r 
square foot, and T is tlio absolute tomiieraturo 
in Centigrade degrees. Callendar furilier 
assumes that the speciflo heat of water- vaxiour 
at an indcflnitcly low xirossuro is indopondcnt 
of tho temxieraturo, within tho range of 
temperature in which tho equation is aiqiliod. 
On tills basis, and by making use of tho general 
tliermodyiiainic relations that havi' Ix'en givc'U 
above, ho olitaiiis wi’irking fornmlas by means 
of which tho values of iho various [)rop(Mtii(‘s 
are calculated which will ho found in his 
Tables. Tho fact that tho ('Callendar oijuat.ioii 
aiqdios only at comiiarativoly low prc'SHurc's 
is api)arciit when one consideT-s the form of 
any isothermal line given by it in tho Aniiigat 
diagram whoso co-ordinates arc EW and Jh 
The equation may bo ■written 

PV = RT-cP-l-6r. 

Since c is a function of T only, this gives 



Hence in a gas which obeys Callondar’s equa- 
tion the isothermal linos on the Ainagat 
diagram would bo straight lines ea.eh witli a 
constant slope, inclined downwards (a,s P 
increases) when c is groater than 6, and 
inclined upwards when c is J(‘hh than b, 'I'lu'ro 
would bo no minimum of PV nor change of 
inclination along any isothermal. The equa- 
tion therefore applies only at jiressures for 
which those isotliormals arc substantially 
straight. Tho Joulo-Tliomson cooling cITcct, 
which by oqiiation (70) is V, 

coniosby CaUendariHC(|uation (m I l,)r. h. It is 
positive in steam under all c.ond i lions io 
which the equation applu's, (v. | l)r Ixang 
considerably greater than b ; I, hat is to sn.y 
tho olTeet of throttling is to cool the vapour. 
Callendar relies largely on (he olmcu'vcd 
amount of the ♦IouI<'i"T[ioiuhoii cooling (dTcct 
in assigning values to ihe constants of his 
character istic ecpiation (See J*/nf. /I/m/., 
Jan. 1005). 'I’he Callendar formula provides 
for tho inversion of tlu'i cooling (^lT(>c.t which 
is known to occur in r(‘al gases, since in any 
gas c is reduecMl by raising lh(^ tcnqauuture. 
8o long as (apl)c is greater than b the gas 
is cooled by throttling, but when (;/. i l)c is 
loss than b tho gas is warmed liy throtCiiig, 
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a.K hy(ln>j!4(‘n in i\i onliiiUiry ((Mupcnitun^H, and 
a.H any jUjiiH will wluui T is Hullicianl-ly high. 
Al. I'in^ (('nii)('fat'Ur<^ of invta’Hiou iho nlopo 
of lilio Ainagai iHotln'nnal h(Hu>nuss (xpial to 
tir. In iln^ umnil ca.ms wIumi ga.H ia oooKhI 
l)y (-lu’olitling, <'h(' iHotlu'rmal HlojM^H tip Iohh 
H l.tM'ply i'ltan (diis, or Hloi)t^H down. 

§ ((>2) Mixm'Uum ok (Iahiw. Whan a vchhoI 
of oonHliuii volunu^ c.ontainH a inixfiuro of two 
or tnort^ gaat'H in (Hjuilihriiuu, tdu^ proamirt^ 
on t/ho oontiuiiing walla ia (Mpial to tho Hiini 
of what am oalltMl tho partial jiroHHtin'H of tho 
oonatilfiuaitH. Tho [lai’tial proHHtiro of caoh 
oouHtitiuait gaa ia th(' proaHtiro wliioh it woidd 
('X(M’t on (1\t^ wuilla if all otlun* gaa wore ahaoiit. 
dHiia waa t>Np(n'inion tally diacovered by Dalton 
a>nd ia known aa Daltotda Taw. It ia vory 
lUMirly l.i’uo of n^al gaat^a and vapoura at 
inothM'aiio proaaurt'a, and ia oxactly trno of tho 
idtMiil ptn’fiMit gaat^H of idan’inodynainici theory. 

DalliOidn Law aorvoa to (Udicrnuno the amount 
of water- vapour that will he preatnii. in air, 
at any aaaigmMl ttunperaldire, wIkmi Idu^ 
atiuoHplu'iH^ ia '' aai.urattxl,” tluit ia to any 
when (duwt'i ia (xpiilihriuni in n^HjxHit of evapora- 
tion, hetwtxMi llu'! atmoHpluM'e and a Hat 
HurhM’.e (tf w‘nt(M' at (du^ aanKt Ixunpta’ature. 
'I'lu^ puiitial pr('aaui‘(' of (die wat(M’-va,pour in 
ldi<' air will )»' tMpial vtay lU'arly to the prt'aaun^ 
of aaliU rated waUu’-vaipour at the aaine tenvpera- 
tnnx and tlu' <|uantity of vapour preaent, ])er 
unit volume of the air, will ho equal to the 
(h'uaity of aalurah'd water-vapour at that 
tenip('ratur(i. 

'rin^ prin<iipl<\ of wlneh Daltoii’a l^aw ia erne 
inanih'atndion, may h(^ <iompr<'lumHiv(^ly atatixl 
hy Maying (dm.t in a mixt.uri^ of perfeet gaaea 
eaeh eonatltuont hehnvi^a aa if the othera 
w<M’<^ not tluu’i^ t’oi* any givim volume and 
l-tMuperature of the iidxtuns eaeh eonatituont 
ipianlily tluit ta preainit eontrihuti'H to the 
pivHHuri', to th(^ iMKugy, to th<^ total luait, 
aJid (o (du^ (Miiropy, juat what it would eon- 
(.rihule if i(i alone o<'.eupi('d (du' givi'u volunu' 
at the given (ompei’ai.unv 

Ifnagiiu^ (avo viwela A ami H of eonatant 
vohiUKS eoniaining two dilleuMit gaai'H a a,nd 
/‘k ho(d» al. idu^ aanu' (empei’atun^ and pn^HHure, 
with a paitil'ion hetweiMi iduun through which 
an opeming euin h(^ mmle, aay hy having a alido- 
vadv<^ in tdu^ partdtdon. Whmi eommunleatiou 
m opemxl a (irocoHa of dilTunion hogirm wlneh, 
after a anllieiiMit tinm, eauaea both vimHola to 
contain one honiogtxuMma mixiuro. it ia 
a}Uiume<l that, the gaat^a do not exert any 
iduMuieal aet.ion on om^ anot.hei*. If no heat 
(udara or leavi^a tdie apparatua during the 
proeixsM, Idn^ tmnpiuatuia ami (he preanure are 
foimd to luivt^ umhM’gone no change. From 
(diia it may he infernnl that the gaa a originally 
in A expanda ini.o B aa if (.lu^ otluw gaa /■! werc^ 
not theiHs and the gaa fi <^xpanda into A aa if 
the gaa a wm'o imt theiv. Each gaa hehav('a 


like the gas in .Joule’s ox])crimont (§ (12)) ; 
it expamla without doing work and neither 
its tcunporaturo nor its internal energy is 
0 hanged : eonsequcntly tho mixture keeps the 
aame temperature, and the energy of tho 
mixture ia equal to tho sum of the energies 
which tho constituonts had at first. Tho 
partiiil })reaauro Pa ef one constituent has 
(hy Boyle’s Jjaw) changed from the original 
l)resHure to PV^/V^ where = + Vjj, and 

tho partial preaaure P /3 of tho other constituent 
has changed from P to PV^/VA Plonco 
P^ -I- p^ as Dalton’s Law assorts. Thus the 
observed fact tliat when gases bocoino mixed 
by (liffuaion there is no change of tomj)crature, 
provided no heat ia taken in or given out and 
no external work is done, allows Jlalton’s Law 
to 1)0 anticipated from tho other prox^cirtics 
of perfect gases. 

Though tho process of diffusion does not 
alter tdio energy of the system it is an irrevers- 
ible process, and therefore must ho expected 
t.o inenniso the entropy. That it docs so is 
(‘dear from a comparison of the ontroj)y before 
and a.fter mi.xture, using the expression for 
(/> in § (57). Hay that there are units of a 
and Mft units of fi in the mixture. Tho 
spiHntie volume of the a constituent changes 
from VJMa to V'/Ma. Before mixture took 
place its entropy, per unit of mass, was 

(pa = K,. logo T -H R log,. 4- const. 

Ma 

After ‘mixture it is 

V" 

(//a= K„ log,, T + R log,, ^ ■ -1- const. 

Hence tho increase of entroj)y for tho whole 
coustituent a 

Ma(<//a - <Pa) - MalMlog,. V' - log,. Va). 
Similarly for t.he eonstituent 

“ <P(i) ’ ' ]VI/dt(l<)g,. V' - log,, Vb), 

and additig ih(‘H(^ terms we have tho increase 
of (Mitropy ihal. results from mixture, for 
the syst-em as a whok'. The calculation may 
obviously be (^xtendod to a niixture of more 
thaji two gaH('H. 

d'his increase of cntro]>y ittiplies that energy 
is dissipaUHl whtm gaH(‘S mix by diffusion 
or oidierwise. When the gases are separate, 
in A and B res poet iv(^ly, the availability of 
td)e system for doing work is greater than w'hcn 
they' arc mixed, though there is no change 
in temperature or pressure or energy. To 
realise this we liavo to think of some way 
hy which the system, with so‘i)arato gases, 
c,au bo made to do work. Imagino tho 
partition to bo tnado of some ])oroiis material 
hut to include what ediemists (‘.all a mmii- 
pernicahlc such as will allow one 

of tho gases to i)aHs but will hold tho other 
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gas from xJassing. Membranes that have the 
property of being permeable to one substance 
and not to another are well know, and their 
action involves no breach of thermodynamic 
laws. Assume then, that the partition allows 
the gas a to pass but not the gas The 
result is some of the gas a passes into B and a 
diSerence of pressure is set up in the two 
vessels. The gas a will continue to diffuse 
into the gas jS against this difference of pressure, 
until its partial pressure in vessel B is equal 
to the pressure of what is left of that gas in 
vessel A. The total pressure in B will then bo 
P + Pa, and the pressure in A will be Pa, where 
Pa is, as before, PVa/V^ From the system 
in this state it is obvious that work could 
be obtained, by allowing the pressures to 
become equalised through an engine. The 
change from the oidginal condition of the 
system took place without any interference 
from outside : it was thermodynamically “ self- 
acting.” Hence the system, in its original 
condition, had an availability for doing work 
which is not possessed when the gases are 
completely mixed. If a semi-permeable 
membrane were fixed between the vessels 
after complete mixture had taken place it 
would be without effect, for the partial 
pressure of the gas capable of passing it 
would then be the same on both sides, and any 
diffusion through it would go on equally in 
both directions. 

Planck {Tliermodynayyiics, Trans, p, 211) has 
described an imaginary device for separating 
the constituents of a mixture of tw'o gases 
without taking in heat or doing wurk and 
without change of temperature. There are 
two semi-permeable partitions, one fixed 
and one in the form of a moving piston which 
traverses the mixed gases while another 
piston enlarges the capacity of the containing 
vessel. One of the membranes is permeable 
to gas a and the other to gas jS. When the 
mixed gases have been separated by this 
device each of them occupies a volume equal 
to that of the original mixture. The process 
is reversible: there is no change of entropy, 
and therefore the system recovers no avail- 
ability for doing work. The extent to which 
the aggregate volume has been increased 
neutralises the thermodynamic advantage 
of the separation. Planck uses the action 
of this device to establish the proposition 
that the entropy of a mixture of (perfect) 
gases at a given temperature is equal to the 
sum of the entropies which the constituents 
would have, ff, at the same temperature, 
each of them separately occupied a volume 
equal to the volume of the mixture. 

§ (51) the loss of availability on mixing 
the gases is Ma.{fa~^'a) + 

In each constituent, since there is no change in 
E, ~(f>). Hence this expression | 


for the loss of availability is equal to the 
gain of entropy multqolied by T : 

Ma(fa - i^'o) 

= MaT(^''a - (pa) MpT(</>"/3 - (pp), 

§ (63) Solutions. — The application of 
thermodynamic reasoning to the study of 
solutions is now an important ])art of the 
science of Physical Chemistiy. Only a few 
of the salient points can bo noticed here. In 
the theory of solutions much use is made of 
the notion of hypothetical senii-pcrmeablo 
membranes, and on the experimental side 
real semi-permeable membranes servo to 
exhibit fundamental facts and to furnish 
necessary data. Chemists can cause iiartitions, 
otherwise porous, to contain and support a 
“ membrane ” which will, for example, 
allow water to pass freely but will not allow 
a substance dissolved in the water to pass ; 
and such semi-permeable partitions can 
be made strong enough to stand, witliout 
damage, a large difference of hydrostatic 
pressure on the two sides. Thus it is mechanic- 
ally possible to have such a partition se])arate 
a quantity of the solution at one pressure 
from a quantity of the solvent, or pure liquid, 
at a lower pressure. The constituents of a 
solution may be present in various proportions, 
but in what follows we shall confine ourselves 
to consideilng solutions with two const iiiieiits, 
one of which makes up nearly all tlie mass and 
is called the solvent. 

Imagine now two vessels W and S (P'ig, 20) 
separated by a fixed somi-ponncablo })ai‘titi()n. 
The vessel S con- 
tains a quantity jP ]P'hPo 

of a solution, 
and W contains 
a quantity of the 
pure solvent, at 
the same tem- 
perature. The 
partition is per- 
meable by the FiQ. 

solvent, but not 

by the dissolved substance. Tt is found Muiu 
some of the solvent tends to pass through tin; 
partition from W into N, weakening the 
solution. This can only bo prevcntc^d by 
increasing the pressure in S by a e('rtaiu 
definite amount Pq. Wo may tluuk of ilio 
two vessels as having i)iHt(>ns by means of 
which pressure may be a[)plicHl to the liciuid 
in each. Whatever be tlie fiuid ])ressuro P 
on the side of the membrane that face's Iko 
pure solvent, there must l)o a greater iluid 
l)ressure P + Py on the other side if ccpulibrinm 
is to be maintained. The cxcchh lluid presHure 
Pq on the side that faces the solution, when 
the solution is in equilibrium with the ])urc 
solvent on the other side, is calUal the Osmotic 
Pressure. 




Solvent 

w 1 

Solution 

I ^ 
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The amount of the osmotic pressure depends, 
for a given dissolved substance and a given 
solvent, on the “ concentration ” or quantity 
of the dissolved substance that is present 
per unit of volume of the solution. It is 
increased by increasing the concentration : 
it is also increased by raising the temperature 
of the system. We may think of it as a 
“ partial pressure ” due to the presence, in 
that volume, of the particles of the dissolved 
substance. This partial pressure is to be added 
to the partial pressure due to the other com- 
ponent of the solution, namely, the solvent, 
in determining the total pressure. From this 
point of view the semi-permeable membrane 
is exposed on one side to the pressure of the 
solvent alone, and on the other side to the sum 
of two partial pressures, one due to the dis- 
solved substance and the other due to the 
solvent. Hence if the total pressure P were 
made the same on both sides, that part of it 
which is due to the solvent would be less on 
the solution side, and consequently the solvent 
would tend to flow from W to S in the effort 
to bring its i)artial pressure in S up to equality 
with its pressure in W. This explains why 
under equilibrium conditions the total pressure 
in S must be greater, by the amount of the 
partial pressure of the dissolved substance, 
which excess constitutes the osmotic pressure. 

If the excess pressure actually applied 
to the solution in the vessel S is less than the 
osmotic pressure Pq some of the solvent will 
flow from W to S. On the other hand, if an 
excess pressure greater than Pq be applied, 
some of the solvent will pass out of the 
solution into W. These changes will go on 
until the solution becomes sufficiently less or 
more concentrated to allow equilibrium to be 
again attained. 

It was pointed out by Van’t Hofl (Phil, 
Mag., Aug. 1888) that in dilute solutions 
the molecules of the dissolved substance act, 
in solution, lilie the molecules of a gas in this 
sense that the partial pressure which they 
exert is the same as would be exerted by an 
equal (Quantity of the same substance in the 
gaseous state, occupying the same volume, 
namely, the volume of the solution, at the 
same temperature. Thus the osmotic pressure 
in a dilute solution may be approximately 
calculated at any temperature and for any 
(small) concentration by inference from the 
gas equation PV=RT, on the basis that the 
dissolved substance contributes pressure like 
a gas whose density is the quantity of dissolved 
substance divided by the volume of the 
solution. This applies whether the dissolved 
substance is itself a gas, a liquid, or a solid ; 
it may, for instance, he a substance that is 
non-volatile at the given temperature. It 
follows that the osmotic pressure in weak 
solutions varies in direct proportion to the 

VOL. I 


absolute temperature. Also that, at any one 
temperature, the osmotic pressure varies in 
direct proportion to the quantity of dissolved 
substance in the solution. Also that when 
solutions of different substances have the 
same osmotic pressure at the same temperature 
they contain the same number of molecules 
of dissolved substance per unit of volume. 
These remarkable conclusions of Van’t Hoff 
are found to be true of very weak solutions, 
in which the osmotic pressure is not so great 
as to make the deviation from the gas law 
considerable, provided the molecules of the 
dissolved substance do not undergo dis- 
sociation but retain their chemical character. 
They are closely true, for example, in dilute 
solutions of sugar. In solutions of electrolytic 
salts or other electrolytes, however, there 
is, as was shown by Arrhenius, much separa- 
tion of the dissolved molecules into their 
constituent ions, with the result that the salt 
contributes more than one partial pressure,' 
and the osmotic pressure is consequently 
greater than it would be if there were no 
such chemical change. 

It may naturally be asked why, if a substance 
dissolved in water behaves there like a gas, 
it does not escape into the atmosphere when 
the solution lies in an ox^en vessel. The 
answer is that at the free surface of the 
solution the effects of surface tension make the 
free surface virtually act as a semi-permeable 
membrane, through which molecules of the 
water may pass while those of the dissolved 
substance are held back. Similarly, a gas may 
be absorbed into solution by 
a non-volatile liquid through 
a free surface which is exposed 
to contact with the gas, be- 
cause the surface is equivalent 
to a membrane pei’meable 
by the gas, and not by the 
liquid. 

The vapour given off by a 
solution of a non-volatile sub- 
stance is comxjosed entirely 
of the solvent. At any given 
temperature its pressure is 
lower than the vapour-pressure 
of the pure solvent, to an 
extent that depends as follows 
on the osmotic pressure and 
the relative density of the 
vapour and the liquid. Let a 
tall vertical column of homo- 
geneous solution with a free surface (Fig. 27) 
be in equilibrium, through a semi-permeable 
X)artition at its base, with a quantity of the 
pure solvent, the whole being enclosed in a vessel 
in which the only atmosphere is the vapour of 
the solvent. The whole system is at a uniform 
temperature T. Since it is in equilibrium 
the height h of the column of solution must 
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bo such tliat the hydrostatics pinsHuro ou the 
upper side of the ])artitiou exceeds the hydro- 
static pressure ou the under side by an amount 
equal to the osmotic ju’cssuro L\) ; also tins 
vapour pressure V' at the level of tlic t.op of 
the column must bo the saturation vapour 
pressure o£ the solution, and the vapour 
pressure P at the free surface of the solvent 
must bo the saturation vapour pressure of 
the solvent. Since the vapour has weight, 
P ©xcGods P^ Writing cr for the weight of 
the vapour per unit (^f vohnuc, wo have 
P--P''=o-/i if the column is so short that o- 
may bo treated as constant, or V—V'^Jcrd/i 
if the variation of density with level is takem 
into account. The pressure on the upper 
side of the semi -perm cable base is P^H-p//., 
where p is the weight of the solution per unit 
of volume, and ou the under side it is equal to 
P, if (as is shown in the skctcli) the cohinin 
is bold with its base just level with the free 
surface of the solvent. Hence 


P'+/)/t-P = Po. 

Taking P ~P'^<rhf this gives /i— P^/(p and 
P -P' = PQ<r/(p -O'), or VqCtIp nearly, since cr is 
small compared with p. This may also bo 
written Po/pYs, whore is the s})cc5ilic volume 
of the saturated vapour. But unless the solu- 
tion is exceedingly dilutee h is largo an<i P - V' 
should be taken as An approxittuite 

relation is then obtained, exactly as in § (54), 


log. 


^ - ij> 

P~pHT''pl>V; 


(05) 


Since tho vapour pressure of the solution 
is less than that of the pure solvent at the 
same temperature, its boiling-point must bo 
higher, that is to say, a higher tomporaturo is 
required in the solutiem than in tho solvent to 
make it give off vapour at tho same ])rosBuro. 
To find a relation between tho rise of tho 
boiling-point and tho osmotic [)rcsHuro in a 
weak solution, let the curves 0 and C' of iHg, 28 



rcj)resent curves of vapour iJrosHuro iti relation 
to temperature for solvent and solution 
roHpecitiv(dy. If the ])urc solvent were boiling 
alone under a vapour pr(\sHuro V' its tempera- 
ture would be T. .But when the sohition is 


boiling und(‘r the Hn.m(‘ vnpour pfWMstiiY^ P' 
its f,empera4ui’(^ is n tiMiqx'ratiUre which 
would eornsspond f.o a higlu'r pr(‘HHur(^ P in 
vapour. e.oming from the pun^ Holv(‘nt. Ihmee 
from the gc'.onudiry of tlu^ ligun', when (lu^ 
(!hange of hoiling-poinli is small, as it is in a. 
very weak solution, 

P P' A/l^\ 

T'-T \cnVs’ 

where {dV/d'V)^ is the slop(^ of tlu^ salxiratiiou 
ourvePfor tln^ pui’(^ solviud'. But, hv< bijX'vroirH 
eciuatiou, (ij (41)), (dP/r/T),'^ {UHV, VJ)T. 
Heneo (P T) b/TV, nearly, simx^ 

is small com parcel witli V^,. But, as W(^ 
have seen above, in a veay windc solution 
p ~P'cr:|y|>V^. 1I(MU*(^ lU HU(‘h a HolutioU 


or the boiling-point is raisexl from T to 
T(l t (Po//>L)) by the preseaiee of tlu^ dissolved 
substaiuje. 

It may readily bo shown that the 'frexv/ang- 
point is loweretl by a eorreH]x>nding amount, 
namely, Pj/I’/ /A, wIhu’o \ is ilu^ latent luuii of 
the fre(v/ii\g solvent. 

Wo are hero dealing with a solution which 
when it is e.oohHl b(\ginH to free^ze by forming 
crystals of the pure solvtxit, and when it is 
heat(xl (undtM’ constant pressui’ed Ix'gins to 
vaporiser by giving o(T vapour of tlu^ pure^ 
solvent. va pour is gives > olT ad a, (h'liidloly 

higher (empeM'aitnnx and tlu^ erystails begin 
to form a.t a <l(^(init,('ly loweu’ tom |)cM'tdfU re's, 
than if tlu^ liepiid w<m’(^ puio. In <nther ease 
the (litTeremu^ 4’' ■ 1' de'pesids on t-lu'i eoiuuMo 
tratiori. ddio vapour of the fxiilitig Holut,ion 
is supenboated to that (^xtemt-, ad the rnonuMd. 
it oomoH off. Tho ellieaey of a frex^zing 
mixture,” such as a mixture of i(x^ and salt,, 
depends ou this low(xxng of ilu^ fixxw.Ing- 
p(»int: (xjuilihrium is reaelnxl only wlux) 
some of the ice lias meltod to form a solution, 
and tho temperatun^ of th(^ \vhol(\ ineluding 
the unmelted i(x\ has nsMutmxl th(^ 1 ovv(m* 
value whieh eorresponds to the fnozing-poijd, 
of the solution. (htuMUw^y, wlxui sadiiradi'd 
steam ad tempc’iratun^ T is j»a,.MH(xl into a solu- 
tion <»f salt in wader it, will eoiid(‘nH(^ until 
e(|uilihrium is nxioluxl, uarm^ly, until tlu^ 
temixxxiture of tlu^ solution Vls('s to t.lu' 
higher vahi(‘ T^ for spxun can only he gdv(m 
oir hy tliei Holutiioii at thad highix’ titan p(X’a» 
turt^ Th<^ appartxdi u,noma.ly t)f sttxvm btxng 
eomlenstxl in a litpiid warmtM* than itst'lf 
is no more rtmiarhahh^ tha,n what occurs 
during tlie approach to txpdiihrium on tht^ 
part of a fretwing mixtuto, wluxi ict^ nu'lts 
in a litpiid thud is coltha* than list'If: both 
are etTc'Cds t)f osmtitiitt prc'SHunx 

lo i)luHl/rat(» dht^ tht'rnitxlynauiltt rtxisoning 
by whieh Vari’t llotrs j)riucil)lt^ is estahlishtxl, 



THERMODYNAMICS 


979 


we may consider the solution of a gas in 
a liquid. According to that principle the 
osmotic pressure, at any temperature, should 
bo equal to the pressure which the gas would 
have, at the same temperature, if it alone 
occupied a space equal to the volume of the 
solution. To prove that the osmotic pressure 
actually has that value, imagine a very long 
cylinder {Fig. 29) with a fixed partition a 
and two movable pistons b and c. Both a 
and c are semi-permeable : a is permeable 
only to the gas, and c only to the solvent. 



Boliind c there is pure solvent ; in the space 
between a and h there is gas ; in the space 
between c and a is the Uquid which dissolves 
the gas as the operation proceeds. Suppose 
the whole system to be at one temperature T 
and to bo kept at that temperature (say by 
a water-jacket). At the beginning suppose 
c to be fixed and h to have been drawn so far 
away to the right that the pressure of the 
gas is negligibly small. Then equilibrium 
requires that the liquid in the space A 
shall contain no gas, or, to be exact, a 
negligible quantity of gas, for it is known 
as an experimental result (called Henry’s 
Law) that the quantity of gas which a 
liquid will dissolve is directly proportional 
to the pressure. Wo begin therefore with 
])ractically pure solvent in the space A, 
whose volume we shall call Va* Now imagine 
h to bo slowly pressed in, compressing the gas 
isothermally and causing it to be gradually 
absorbed by the liquid in A. This is a 
reversible process : if, at any stage, b were 
stopped and slowly moved c5ut again the 
action would be exactly reversed. When h 
reaches a all the gas is dissolved. The work 

spent in forcing the piston home is J PdV, 

where P, is the pressure that has to be applied 
at the finish, under which the last part of 
the gas passes the partition a into the liquid. 
Now, keeping 6 with an external pressure P^ 
still a])plied to it, suppose c to be forced slowly 
towards a. To do this will require that a 
pressure equal to the osmotic pressure P^ 
b(^ applied to c. The solution will thereby 
he separated into its components, the solvent 
passing behind c, and the gas passing through 
a and pushing out the piston b with the 
(constant pressure P^. Pi does not change, 
for, as c advances, there is no change in the 
concentration of the remaining part of the 
solution. When c reaches a all the gas has 
left the solution, and is now behind the 
piston 6, still at pressure Pi and occupying 


a volume which we shall call Vi* The work 
done by the gas on b is PiVi, and the work 
that has been spent in forcing in the semi- 
permeable piston c is PoVa- Now let the gas 
expand isothermally till the pressure of the 
gas is again negligibly small : the work done 
in that expansion is the same as was origin- 

ally spent, namely, I PdV. To complete a 
'' 0 

cycle of operations we have only to withdraw 
c to its original position, which requires no 
work to be done, for it now has pure solvent 
on both sides. Since the cycle is isothermal 
the work done must be equal to the work 
spent ; hence: 

PoVa=PxVi, 

which proves the osmotic pressure Py to be 
equal to the pressure the gas would have if 
it alone occupied the space Va, as Van’t 
Hoffs principle requires. 

The consideration of solutions which are 
not dilute, but in which the constituents may 
be present in any proportions, and of solid 
solutioiu, such as are found in metallic alloys, 
is beyond the scope of this article. 

§ (64) Electrolytic Transformations.^ — 
It was pointed out in § (51) that when the 
fundamental equation of energy 

i?W = dQ-(ZE 

is applied to a complex system, c^Q being the 
heat taken in from outside, and -c^E the 
decrease of internal energy, the external work 
dW may be done in other ways than by 
expansion of volume. In an electrolytic 
system, such as a galvanic cell, the trans- 
formation which goes on within the system 
results in the doing of electric external work, 
the measure of which (in a small transformation) 
is Fde, where E is the electromotive' force 
and de is the quantity of electricity generated. 
In many electrolytic actions the amount of 
mechanical work due to change of volume, or 
to alterations of level of substances within 
the cell, is negligibly small. This is the case 
when electric energy is produced by a battery 
such as Daniell’s, or when it is stored and 
restored by the chemical action on the lead 
plates of a storage battery. In what follows 
regarding electrolytic action we shall confine 
our attention to those cases in which sensibly 
all the external work is electrical. The 
action may take place under reversible condi- 
tions : the deposit of copper from a copper 
sulphate solution, for example, such as occurs 
in a Daniell cell, is exactly reversed when a 
reversed current is caused to pass through 
the cell. The energy equation for a reversible 
electrolytic action, involving no appreciable 
change of volume, may accordingly be written 

Ede=:dQ-£ZE. 

1 See also article “Batteries, Primary,” Vol. II. 
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Here dQ represents heat taken in rcvorsi])ly 
from outside of the coll, and dE, the change 
of internal energy, represents what chemists 
call the heat of reaction in the chemical 
changes which are associated with the i)assagc 
of the current. The heat of reaction is the 
quantity of heat that would bo generated 
(say in a calorimeter) if the same chemical 
action were to take ])lace without giving out 
electrical energy. If tlio electrical energy 
given out by a galvanic cell were dissipated 
within the cell itself, instead of being employed 
to do work outside of it, dE is the quantity 
of heat winch would appear. In a Daniell 
cell, for example, dE is the quantity of heat 
which would appear if zinc were consumed to 
form zinc sulphate in solution, less the qriantity 
of heat which would appear if an equivalent 
amount of copper were consumed to form 
copper sulphate in solution, witliout the 
production of any external electrical ofCcct. 
It is the difference between these quantities 
that measures the “ heat of reaction ” in the 
Daniell cell as a whole, and this is numerically 
equal to the loss of internal energy that 
occurs when the cell is employed to do 
external work by producing electrical energy 
reversibly. 

In this action heat may or may not be taken 
in from outside. Suppose a galvanic cell to 
be placed in a bath of water or other iso- 
thermal enclosure so that its temperature is 
kept uniform. Experimoiit shows that the 
quantity of heat taken in during its action, 
namely cZQ, may be either positive or negative. 
In other words, the reversible chemical action 
which goes on within the cell may tend cither 
to make it colder or to make it warmer. In 
the former case some heat, dQ, will bo taken 
in from the isothermal enclosure in which wo 
have imagined the coll to be placed ; in the 
latter case some heat will bo given out to the 
enclosure. 

A Daniell cell working reversibly, and 
therefore with an internal resistance so low 
that no sensible amount of the electric energy 
which it produces is dissipated within the 
cell by the heating effect of the current, must 
take in a small quantity of heat from outside 
if its temperature is not to fall. In the 
Daniell cell dQ has a positive value amountiug 
to rather less than one per cent of the out])ut 
of electrical energy. The ordinary storage 
battery also requires a small addition of lieat 
to maintain its temperature constant while it 
discharges. In the Clark cell, on the other 
hand, dQ is negative and its niimorical amount 
is greater. If dQ wore zero, which is nearly 
true of the Daniell coll, wo should have 
Ede— ~dl5, which would furnish a very simple 
means of calculating the electromotive fonio 
when the heat of reaction is known. By 
Earado-y’s Laws ono and the same quantity 


of electricity (about 00, 540 coulombs) is 
required for the deposition of ono gi'aninu'- 
equivalent of any substamH'. Jri’om the 
known heats of reaxTion of tlie Uietive sub- 
stances in a given cell it is iherd’ort^ easy to 
calculate the change of inieiMml (aiergy 
E which occurs in the ])assagt^ of oiu^ unit/ of 
electricity, at eoustaut temp(u*atiui’e, and the 
value so obtained would mimerieaJly e<jual 
to if no heat werc^ iak(Mi in. On tliis basis 
Kelvin in 1851 calculai.ed el('(4iromotiv(^ 
force of a Daniell (‘cll, obtaining a number 
which is a little short of the actual value 
as determined l)y experiment. When ae.c.ount 
is taken of the dQ tt'rm a cu)rr('.ct value is 
deduced. 

Direct measurements of ihe quantity oC 
heat vvliioh is revcu'sibly taken in or given 
out during ihe aclion of a cell an^ diilieult, 
for the oiToct is iiuwitably mixed up, iu any 
experiment, with ihe irreversible devel(q)m(uil( 
of heat within tlu^ cell tliat aris(^s froiti its 
electrical resistance. But ilu' (|uantiiativ(^ 
intluonco of the dQ term may Ix^ infernnl, 
without direeh measurement of th(' lu^at 
taken in or given out, from observations of 
the extent to which the ohajtromotivo forces 
of the cell is affected by ehangitig the eouslant 
temperature at wliich the cell works. Tliis 
was shown independently by Willard (Ubbs 
and Helmholtz, who ilierely a{>j)li(xl t/iu'i 
necessary correction to the oilginal calculation 
of Kelvin. 

Eor this purpose it is convcaiient iio make use 
of the function or for the system 

as a whole. Wo saw (§ (51 )) that in any system 
undergoing a roversiblo transformation at 
constant tcmperat.ure the dec.ixunent of 
inoasures the extornal work don(‘. bet the 
amount by whicli is diminisluxl whihi 

one unit of olccjtricity is goneraUxl Ix^ n^pixv 
sonted by for e units the amount will bo 
cxp^j and this is ccjual to tlie e.xlertial work. 
The amount of electrical work done while c 
imits'of c4e(;tri(‘iiy are gemu'atcxl is cK 1 hunx) 
if all the external work is eh‘.ciri(!al (a condition 
substantially sat-isruxl in a (xh \v1ku’(‘ volu- 
metric or gravitational work is iH'gligibNi), 
ch’ ■ or h"* • 


I’hen from e(( nation (7t)) (§ (51)) 


wo have at once 





dT • 


(97) 


where is tlu^ “ luxit of uxudlon corn^spoml- 
ing to the passage of onc^ unit of ('lect,rieity> 
and dE/dT is the rat(» of ebaug<' of the (hx4.ro- 
motivo for<x^ with 1.emp(u*atur(^ as ohH(‘rv(xl 
when the coll is on “ open circuit,” doing no 
work. 41ie tcu-rn T(dh7dT) (X)rrosponds to 
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ihd iuiumiit/ of hiMiti tilmili in in, n'svcr.sihly, 

<hirinf’' iJu' piWji|L^<^ of ono unit of oloc.trioity, 
\vli(^n ^.lu^ ('.oil works ;ii. ('ons(,a.nt tiunporutiiro 
'r. This itu[)orta,nt ('xpnvssion for tlu‘ oleoiro- 
niot.iv('» ior(‘(^ of a (h' 11 is known as tho (Ubbs- 
l I<‘liuholl./i (Mpuition. Wo. may illuHtraio it by 
nunuM’ioaJ vabu^H for Uu^ DanioU ooll. When 
/iiH' npjhuHvs oojipor in a (i nodi') ratoly stronju;) 
solution of (bo Hulphabi'i tlio “ hoait of roaotion ” 
is found, by nu'ia.suronumis in a oalorimotor, 
to b(^ l()d,00() joulos pcu* granuuo-oquivalont 
of <sth(n' molial. '^Pho oorrt^spoudiiig ipiaiitity 
of (baitrioity is Ob.blO cioulondis. ''Phun is 
or bOS()() jonk^H por oouloiub. Tbo 
<^l(K^tromol.iv(^ foro(’) of a Danicdl ooll would 
th(M*<doro b(' (spial to l-OS(>() volts if tbo 
(i(Mnp(M'ai(.uro ooi^nioiisd) wim'o Koro. But 
is obsiM’viMl to bo positivo, a.nd oipial to 
i)()(M)(KM vol(.s pm* do^ri^o. Ib'-nc.o ais say, 
15 ' (1. tla^ baan or Q„ nanioly tho boat 

wbitb l.lu" 0(^11 (laki'H in lo ki'op its toin))(')ra- 
turo from fallin.!4, is i2HS ^; ()•<)( )()0;M or (M)OOS 
joub'H p(M‘ (uudomb. Willi tlu'iHo data, Ibi'i 
oab'ulatod ('l<s',( roinotivi^ foro(') of tbo l)a.iu(^ll 
o(b is accord injdy 

P’ l-OSbb 1 O-OOOH MMHM volts. 

'PIh‘ ( libbs I b'linbolt/- ('<pia,(,ion nia,y obvi- 
ously b<^ ajipraMl in l,li(> c.oiivorso mannor, 
to c,a,lcula(,(^ lb<' a^^|p’( 7 ];a,t(^ boat of r(W,tion 
for tlu^ oluanioal <’.ba,n^j;os whiob go on in a 
la^vorsilik^ ooll, from obHtu’vaiions of tbo olootro- 
iiiotlvo foroo and i(,H b'lufiorat.uro coollioiont. 

Hioadm’s unfamiliar with tbo uh<^ of tbo 
functioi) i/( may (ind it inoro satisfying to 
bav<^ Iho (dlibs-lli^linbolt/, (a|uatioii ostablisbod 
by anotlu'r imdbod, nami^ly, by oonsidoring n 
oyolio. prooi^sH of four oporations in vvbiob tbo 
oi'll do('S (buitrioal work during ouo part of 

l , 1)0 cyob'i and has ob'ctruad work spiait upon 
it during anotluu’ part. W<^ shall assunus as 
b(^for<', l,ba,t tho a,otion of tlu^ ooll is rovorsiblo, 
a,nd t,lm,t it is surroumbHl by an isotbormal 
jaok<d, c.ontaining a Iluid wliioli will sorvo as 
Hounui or r(Mioiv(M’ of lu^at. Wo shall furthor 
imagiiu^ tlud^ ib(^ l,omp(a*aturo of tbo jaokot, 
a-nd (ilu'nvfort^ of tlu^ sysl^mn as a wbolo, oau 
b<^ rovtu'sibly aU,(a*(Ml tlirougb soino small 
amount o'l’, Ha,y by imainH of adudiatio oxjian- 
sion, so (,ba(, a pari, of tbo c.y<',lo of tho (anil’s 

ac. (,ion oan bo porforim^d a,t tcanporaturo T 
a, ml anoBun’ pa,rl, a,li i,(Mnp(M’alairo (V\\ lb(^ 
luMit (,ak('n from (,bt^ systom in lowt^rlng its 
1,(011 pm'a,(»ur(' from T to d’-Myi' lining roturnablo 
to l,iio Hyst(on witiliout loss, with tbo olToo.t of 
(•(^Htoring tlio bnnporaturo of lb(^ sysbou to 
tSuppoN(^ that (4u^ cub lirst produoos cbnitrio 
(MU'i’gy at tcunpciral-ui'o 1’ ; tbon has its 
l,<'n)p('ra,turo lowcwod to T ’tVP; tbon bas 
(Mmugli obudrui (OUM’gy spcmt upon it at that 
loW(o* toni|!(U‘aturt^ to (uiiisc^ tlu^ oliomioal 
olia,ng(^H wlPn^li took placu' in lb<’> (Irst o[)oration 
(,o bo oxao.tly rcsvorsod in this tbird operation ; 


and bnally has its temporaturo restored to T. 
By Ib^radiiy’s Laws the same quantity of 
ol(H)trioity juust ])asH through tbo cell in tbo 
third openition as in tlio (irst, in the reverse 
direction. But the cloctroinotivo foroo de- 
pends on tbo loin peraturo : call it F in tho 
first op(u-a,tion and F-5F in tbo third. Wo 
assume that each of tbo four oporations is 
rovorsiblo in tho iluirmoclynamio sense, and 
also that no appreeiablo amount of work is 
done by or upon the (ub except tlio electric) 
work, Tboro is no olioinical action, and no 
passage of electrioity, in tho soeoiid ojioration 
or in tlio fourth. Lot a represent tho quantity 
of electricity that passes in each of tho lirst 
and tbird oporations, and as before lot hli 
roju'OHont tbo “ boat of reaction ” for tbo 
oliomioal obangc’is that aro assooiaied with the 
passage of one unit of cloctrieity. Let Q 
1)0 tbo boat taken in (reversibly) from tho 
jaokot (luring tbo (irst operation, ])cr unit of 
(‘lootrioity that passes, and let Qx-5Q bo 
tbo <pianti(,y of lioat roturnod to tho jacket 
during t,lu^ ibird operation, also ])or unit of 
<‘loctrici(,y. '^rbon tlio energy cupiation for the 
(irst ()p(‘ra(,ion is 

and for tho third operation it is 


c( (iF) ' -■ ePj| c(Q,x — ^Q). 

^1,'ho quantity of heat roviu’Hibly ahstraoi,od 
from tbo jacket in loworiiig its toinpcraturo 
in tbo second o])oratioti is returned to it in 
tbo fourth, and may tluM'cforo bo omitted in 
summing the energies for tho cycle as a whole. 
Tho coll is now restored o.xac'tly to its original 
state, and for tbo cycle as a wliolo, by adding 
tbo above oxi>rossions, wo have 

c5F .e(5Q, 


where eW is the not amount of electrical 
work done by tho coll, and cSCv) is tho not 
amount of beat taken in from the isothermal 
jacket, ddie energy of the cell is the same as 
at lir.Mt. The resull) of the cycle as a whole 
is to convert an amount of boat coQ into 
(electrical work cc'F, and this conversion has 
been elTocted in a reversible process, by taking 
in beat cil at tenqierature T and rejecting 
heat at the lower tom pcu'ature I"*- (5T. .Ucnco 
by the Second Law tbo work done is equal to 
cVr/d’ times tho beat taken in, or 


from wliicb 


C(5Fy-. 


cQi(3T 
T ’ 




T 


ciF 

dT' 


Substituting this in the energy equation 
.'Ej -I Q, wo have tho (Ublis-Hcdinbolt/, result 
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It should be added that to simplify this 
argument no account was taken (1) of any 
difference there may be in the heat of re- 
action E at T and at T - 5T, also (2) of any 
difference there may be in the thermal capacity 
of the substances in the cell before and after 
the reaction. These two small quantities in 
fact cancel out. Tor in a calorimetric experi- 
ment in which the reaction was allowed to 
develop heat, it would be a matter of in- 
difference whether the reaction took place 
at a temperature T and the products were 
then cooled to T-5T, or whether the sub- 
stances were fii'st cooled to T-5T and the 
reaction were then to take place. In both 
cases the same total quantity of heat would 
be given out. Thus in ignoring both (1) 
and (2) we ignored quantities whose sum 
amounts to zero in the cyclic operation as a 
whole, and the validity of the argument was 
not affected. 

§ (65) Thermo-electric Circuits. — ^When a 
circuit is made up of two different metallic 
conductors joined at their ends, and the 
junctions are kept at different temperatures, 
electricity is continuously generated. Tlic 
circuit is a heat-engine which converts heat 
into electrical energy. Its thermodynamic 
action depends on the following facts : 

(1) When two metals are in contact and 
electricity passes from one to the other, the 
junction being kept at any constant tempera- 
ture, heat is taken in or given out at the 
junctioiL This action, which was discovered 
by Peltier soon after thermo-electric pheno- 
mena were first observed, and is called the 
Pdlier Effect, is thermodynamically reversible. 
If a quantity of electricity passes through the 
junction in one direction heat is taken in ; 
if the same quantity of electricity passes in 
the opposite direction, an equal quantity of 
heat is given out. The reversible character 
of the Peltier effect distinguishes it at once 
from any generation of heat through imperfect 
electric conductivity. The quantity of heat 
taken in or given out depends on the nature 
of the metals in contact and on the tempera- 
ture : for a given junction at a given tempera- 
ture it is directly proportional to the quantity 
of electricity that passes. The Peltier co- 
efficient, which is represented by II, may 
accordingly be expressed in joules per coulomb, 
and the quantity of heat that is reversibly 
taken in or given out at a junction when e 
units of electricity pass is ell. 

(2) When electricity passes along a metallic 
conductor of uniform quality along which a 
gradient of temperature is maintained, heat 
is taken in or given out. This again is 
a reversible action, quite distinct from any 
heating of the conductor through imper- 
fect conductivity. It was predicted by W, 
Thomson (Lord ICelvin) in 1854 as a thermo- 


dynamic conscHiuoiice of the obsoTwod pi'o- 
y)erties of circuits in whicli electric (iurrenis 
flowed from hot ])ai‘ts to cold parts of a 
conductor, and is called the 
In a given metal, electricity passing from hob 
to cold will cause heat to be given out in any 
part along which there is a gradient of tempera- 
ture ; the same quantity of electricity ptissiug 
in the reverse direction will cause an equal 
amount of heat to be absorbed, in the Ksanu^ 
part of the conductor. The Thomson effect 
is proportional to the (Quantity of electricity 
that passes : it may be expressed as eo-d'V 
for any length of a conductor between points 
whose temperatures differ by 5T, cr being a 
coefficient which depends on the nature of 
the conductor and differs in amount and 
even in sign in different metals. In the 
conductor as a whole the Thomson eireci 

per coulomb is therefore equal to crdT, 

where Tj, and Ta am the tonipoi’aturcvs of 
the ends. 

Imagine now an ideal circuit of tw'o mctalli(*. 
conductors a and b — ideal in the sense tluib 
the conductors have no appreciable oloctrical 
resistance, so that wo may omit considera- 
tion of irreversible heating (ITccts. Lot one 
junction be kept at a temperature Tj and the 
other at a lower tcmj)eratiiro IV If tlu' 
metals are different, there will in g(nu'ra,l b(‘ 
a Peltier effect, as well as a Thomson 
and a current will j)ass. Assume that in tlu^ 
circuit there is a perfectly cni(‘ient electric- 
motor by which the electrical ctiorgy which, 
is produced by the agency of heat is utilised 
as external work. Calling F the electro- 
motive force produced in the circuit and 
employed to drive the motor, the work done 
by e units of electricity is ch\ arid oiuMgy 
equation is 

fTi r'\\ 

eF = eJri~eIL + c 

“''J'u JTs 

Hero ellj is the IVUier elTcHtt at the hot j umti( oi, 
namely, the heat taken in tlu‘i‘(\ is luvil- 
given out at the (told junebiou ; mnl bln^ f-wo 
other terms arc tho I'homHori (4T(HibH in tlu' 
two conductors, a taking in of luaib in con- 
ductor a and a giving out of heat in (u)n<Iue.t(n' 
b. On dividing by e wo have 

P = JIi-UaH- , (9S) 

The whole system forms a rovc^rsible heat- 
engine in which tho heat taken in does work 
as in a Carnot ongirics, })y being l(‘t dtiwn In 
temperature, llenco by th(^ S<‘con<l Lau^ 
^(dQ/Tj — O for the action as a whole, and 


III 

■I-i 



T 
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Differentiating this with respect to T, 

11 Q-g + (Th _ ^ 

cZT T ~ 


or 


rr dll 


( 100 ) 


On substituting this expression for (r-cr^ 
in equation (98) we obtain 
riiu 

F = J^i^dT.. . . ( 101 ) 


Apply these equations to a circuit in which 
the temperatures of the junctions differ by 
only an infinitesimal quantity 5T, and write 
6F for the corresponding electromotive force, 
and 511 for the difference between the two 
Peltier coefficients. Then equation (98) becomes 
5P=5n + (o-„-(r05T 

or, since 5n = ^^oT, 


51 '= + 

By equation (100) tliis gives 

sr = ”aT. 

from whicli 1 1 = • • • (102) 


a result which might have been got. more 
shortly by differentiating equation (101). On 
subsUtuting this expression for II in equation 
(100) we have 


_dF _d (r^dF\_'d^F 
d'l'K dTj~ 


( 103 ) 


E([uation (102) allows the Peltier effect for any 
given pair of metals to bo calculated from the 
observed value of what is called the “ thermo- 
electric power ” of the pair, namely dF/dT or 
tlio ratio of 5F,-the observed electromotive 
force for a small difference of temi)erature 
betwe(‘n the junctions, to oT the amount of 
that difference. Ec(uation (103) allows the 
difference of Thomson effects for the two metals 
to bo calculated when the relation of the thermo- 
electric power to the temperature is ascertained. 
The Thomson effect is positive in some metals 
and negative in others ; it is believed to be 
Hfmsibly nil in lead at all temperatures. 
(\>nsequently, in tabulating values of the 
Peltier and Thomson effects, lead is usually 
tak(^n as one metal of the pair. 

The thermo-electric power dF/dT of any pair 
is a function of the temperature : in most 
metals its rate of vanation with temperature 
is constant or nearly constant,^ so that a 
line drawn on what is called a thermo-electric 


* Unless the metal— like iron or nickel — under- 
goes allotropio modilioation (olianse of phase), in 
which case thc^re is a stiarp bend in the region of 
temperature where the change occurs. 


diagram to exhibit the values of the thermo- 
electric power of a given metal with respect 
to lead, in relation to the temperature, is 
straight or nearly straight. The line for lead 
is taken as a horizontal straight line. When 
the lines for two metals cross one another, it 
means that the thermo-electric power of that 
pair vanishes at the corresponding temperature, 
and has opposite signs at temperatures above 
and below that “ neutral point.” The thermo- 
electric power of a given pair was in fact 
discovered very early by Gumming to suffer 
inversion of sign at a particular temperature. 
Thus when the temperature of one junction 
is fiixed a maximum of electromotive - force 
is obtained by bringing the temperature of 
the other junction to the temperature of in- 
version. With a copper-iron pair, for example, 
when the hot junction is raised to about 
275° C. the thermo-electric power vam'shes 
and the electromotive-force of the circuit is 
a maximum. It was this fact of inversion 
that led W. Thomson to the discovery of the 
Thomson effect. If the Peltier effect were the 
only reversible thermal phenomenon in the 
action of a thermo-electric circuit no inversion 
could occur. The circuit would then be a 
very simple reversible heat-engine taking in 
heat only at T^ and rejecting heat only at Tg. 
With any assigned value of T^ the amount of 
heat converted into electrical work would 
necessarily, by the Second Law, be proportional 
to Tj-Tg. Hence the electromotive - force 
would also be proportional to T^-Tg, for 
all values of Tg, and there would be no in- 
version. Thomson inferred that the passage 
of the current must cause, in addition, some 
other kind of reversible thermal effect, and that 
it could only occur in the conductors as a 
consequence of the fact that along each of 
them there was a temperature gradient. 

§ (66) Molecular Theory. — The principles 
of thermodynamics are not based on any 
assumption as to the structure of matter : 
their vafidity is independent of molecular 
theory. The action of ideal gases, for 
example, through which it is convenient 
to approach the thermodynamic scale of ' 
temperature and other fundamental notions, 
can be sufficiently described without mention 
of the fact that a gas is made up of moving 
molecules whose movements furnish a key to 
its properties. But though there is no need 
to rely on the theory of molecules and their 
movements — a theory which is well established 
not only for gases but for all fluids — there are 
few thermodynamic phenomena on which it 
does not throw light. In the course of this 
article it has already been referred to from 
time to time, as, for instance, in speaking of 
Van der Waals’ equation (§ (59)), and of the 
specific heats of gases (§ (58)). 

According to the molecular theory any 
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Bubstaaco iliat w (iliomidally hora()^J^oaoouH 
(not a inixl.ui’o) is made up of inokHiuIoH of 
equal niaas. IMiey are j)arli(deH vvlik^h cannot 
bo broken up without changing the choan<*-al 
nature of the HubHtancc. ddio number of them 
in a granimo of any HubHtaneo iH o([ual to a 
constant N„ divicled by the “ molecular 
weight ” 10 . Thus if we take a (Quantity of any 
aubatanc'.c c(pial to w graininoH — what chomists 
call a “ grammo-inolccnilo ” <u’ “ mol ” of the 
aubatancG — it contains the aaTUo number of 
inoleoulcs N<, whatever be the BubHtauc(‘, 
The number N„ of molecules in a gramme- 
moloculo is called Avogaclr<i’s constant. It 
has been determined in various ways with 
results that agree faii'ly well. Wo may take 
it provisionally as G-lOxlO-'*, which makes 
the mass of an oxygon inolooulo 52 x 10 
grammes, of a hydrogen molecule about 
Ii-3 X grammes, and of a water molecuki 
29*3 X lO-2'i grammes. When substances are 
in a gaseous state it is found, by experiment, 
that the volume of a grammo-moleculo is 
nearly the same for all, under the same 
oonclitions as to temperature and prossur(>. 
Tliis cq[uality of volumes })oe()mos more and 
more exact the lower the pressuro at whicdi 
the comparison is made, for the gases then 
become more nearly “ ])ei‘fcct.’'’ At any one 
temperature and ])reHsure eijiial volumes of 
different perfect gases contain the same 
number of molecules. 4^his is knoAvn as 
Avogadro’s law, and it is a|)proximatc‘ly 
true of real gases. 

In a gas each moloculo moves freely, wi(h 
uniform velocity m straight line, e.'wct'pt 
when it encounters another moloculo or tlu^ 
wall of the containing vessel, in an onc.ounter 
the velocity changes in direction, and generally 
in amount, but there is no dissipation of 
energy ; the molecules behave like [>erfoetly 
clastic bodies. As a result of many onc-ounters, 
a stable distribution of H])ced among the mole- 
cules is ostablisliod, but the Hp(',ed of any one 
moloculo is being constantly ehangcMl, by its 
encounters, within very \vid(5 limits. 'Tlu^ 
length of the free paiJi, which it lrrav('rH(\M 
between one oncouiiter jmd tdie nc^vt. Is also 
quite irregular, d’he averages of that l(Migtli, 
or what is (billed tlui “ iiK^aii {)ath,” 

is very long comparcMl witli the dimensions 
of the moloculo iisolC. This c.hHracdonHtJtt 
distinguishes a gas from a li<|uid, but tlio 
distinction is ontin^ly one of dogna^. lii any 
duid, whethej* gaseous or li<juid, m(H'lmni(‘al 
olTcets of tlio niolec.ular blows ean be scxmi 
in their prodmung what are (tailed Brownian 
movormuits on the pjirt of small bo(li(‘H huh- 
[jended in the fluid, if tIu)H(‘ are big enough 
to bo individually visibht. Obsc'rvations of 
such mov(mi('inf-s hav(t in fact l)(^en one 
metans of d('.tennining N (h(h* ikuTin’s Aas 
Alooum). In a gas the avttrago tiiuo during 


winch a moktcuh' is moving in its fri'(' path 
is very larg<*. eompan'd wifh liuK' of an 
eneount(W. By the “time of an (nicounhu* ’’ 
is meant the tinuuluring which Ui<" mohutuht is 
HO near aiioiluu' mokutule tihali tiu'n'i isn. scaisible 
fonte acting Ixdaveen tdiem. WIkmi h gas is com- 
presHcvl the mean fian'i path is n'diua'd, and 
the eneounters b(H!onu‘ more frtMpuMili Ix'twcHm 
one molee.nht and anotlutr, aud also iKd-wecm 
the. niohxndos and tlu’i wadis of tint v(tHH('>l. 
When a gas is lj('ad;<Ml (dH> Hp(‘('(l with whieli 
the moleenks mova^ is in(tr('a.H(Hl ; W(^ sliall 
see iinnu'diat^ely tduit tluu'r av(M*age idtuddc. 
energy is proportional to tlut abH()lut.(t bun- 
perature. 

The piosHure of the gas, that is t.o say, the 
pressure which the gas ('xtu’t.s on (w'cj'y unit 
of surfaces of tdut (tontiaining vitssed, is diut 
entirely to the blovv's of tint molec.uh's upon 
the surface ; tint monuMitum givaai to tint 
surfacte by tluar blows, ptu’ unit of an^a and 
per unit of i.inu^ iiK^asun^s tlu^ pr(^SHur(' in 
kinetic units. 

Taking a gas that is ehemiiudly homo- 
geneous, in which all the nioleeulos have 
the same mass, call that mass w. Ret N 1)0 
the number of moloc.uk^s piHwuit in unit of 
volume of the gas in any actual state as to 
pivsHun^. and txnnperaturo. 4dien repre- 
.sents tlie density, namely, tdie wholes mass p(M’ 
unit of volum<\ and V, tin* volume p(M' imiti 
of mass, is (siual to I////N. 

Ihdorc'i pro(U'('diug to consider* tdu' piH'HSuro 
caused by mohauilar blows, we sluill luadvo 
the following postulatos ; 

(1) TJiat the mokumh^N aa’o piM’k'elly fr('e 
except during (m(H)imt<u’S, nod tlunofoiH' move 
in straight hiu's with uniform velocity, from 
one en(u)uiiter to the lU'ixt. 

(2) That the time during whi<'h an (aicounl.(U' 
lasts is iK^gligibly small in eouqmrison with 
the time during wbicdi the njoh^cule is fr(‘t\ 

(3) I’liai the dimensions (')f a moleetilo an^ 
negligibly small in ciomparison with the fn^e 
path. 

Tlu'se t^IiUH^ poHtulat,(^H a.to t'(| uivad(Mili (,o 
assuming that ih<‘ gas is p(M’f<‘ct in tiu' S('nso 
of § (12). '‘riuy iu'('i not, stii’ictly true of any 
nad gas; but we slmll a,HHume tluau to ti‘u<^ 
in wind, imm(Mliat.('ly roil()V\'M, and sball tdi<U’(d>y 
(h'duce from tli(^ moksailar |,li(xuy u, r(‘Hidt, 
whiedi eorrespoiids to th(' formula, of a,n i(k'ad 
ga,H, VV W\\ 

(Sup])OHo t,h(^ gas to be in (‘<milibriuni in 
a v<sH(d at r('st, a,nd l(‘t tdu^ v<docity n of 
any molceidci bc' I’C'SoIvtHl into nu- (angular 
eoiriponents 'a,,, 1)/, and along Ihna^ ti.\(al 
ax(‘H. 

(lonsidiM’ the [jn^ssurc^ dm^ to mokuuilar 
blows upon a (containing wa,ll, of a, no, S, 
forming a plains Hurfa,c.<‘ a,t rigid angk^s to the 
(lir(Hdioii of X. c.ontri lad-ion which any 

moleeiile ma,k(‘H to tlus pu'SHuro on that wail 
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is due entirely to the component velocity 
Vj ^ ; nothing is contributed by the com- 
ponents Vy or V., Any molecule which 
strikes the wall has the normal component 
of its velocity reversed by the collision. 
Hence the momentum due to the blow is 
2mh\ where is the normal component of 
the velocity and m is the mass of the molecule. 

Consider next how to express the sum of the 
effects of such blows in a given time. For 
this purpose we may think of the molecules 
as divided into groups according to their 
velocities at any instant. Let n be the 
number, in unit volume of the gas, whose 
X - component of velocity, has the same 
numerical value, or does not differ from it by 
more than some assigned very small quantity. 
Since the number of molecules is very great, 
wc may take the number to be the same in one 
cubic centimetre (say) as in another. There 
will of course be very many such groups, each 
with a different value of Think, in the 
first i)lace, only of those in the group n. Half 
of the whole number of molecules in the 
group are moving towards S ; the other half 
are moving away from it. At any instant of 
time there will therefore bo within a small 
distance of the surface S, and moving 
tenvards it with component velocity a 
number of molecules of that group equal to 
A molecule distant bx from S, and 
having a component velocity Vy. towards S, 
would reach S in a time ot — ^xjvyy provided 
it did not encounter any other molecule on 
its way. Hence the number of blows delivered 
to S by molecules of that group, in the time 
'would (on the same proviso) be equal to 
the number of such molecules as originally 
lay within a distance x^ namely, the number 
\n^Qx. 

Hence also the momentum due to the 
blows on the area S in the time would be 
ecpial to Ih^dxx^mVy, which becomes, per 
unit of area and per unit of time, 

BX g 

nmVjc = nmvy% 

since 

This is the momentum contributed by 
one group only. The pressure P is made up 
of the sum of the quantities of momentum 
contributed by all the groups ; hence 

P = '^nynv/ — 
or P = 

where N is as before the whole number of 
molecules per unit of volume, and is 
the average of for all the molecules. 

Now the velocity v of any molecule is 
related to its components by the equation 


Hence, if we write for the average value 
of for all the molecules, 

v^— vj‘ + 

since the motions take place equally in all 
directions. 

The square root of is called the “ velocity 
of mean square.” It is not the same thing 
as the average velocity, but is the velocity 
a molecule would have whose kinetic energy 
is equal to the average kinetic energy of all 
the molecules. Maxwell has shown [Collected 
Papers, i, 381) that in consequence of the 
encounters the distribution of velocity among 
the molecules is such that their average 
velocity is or 0*921 times the velocity 

of mean square. In calculating the pressure 
we are only concerned with the velocity of 
mean square. 

The above expression for P may be written 
P = JmNv2. . . . (104) 

Further, since mN is the quantity of gas 
in unit volume, or 1/V, where V is (as usual) 
the volume of unit mass, this gives 

PV=J^. . . . (105) 

In obtaining this result we made (in order 
to simplify the argument) a proviso that each 
molecule of a particular group, lying initially 
within the distance cx of the wall, struck the 
wall without encountering other molecules on 
the way. This is not true, but any encounter, 
on the way does not affect the final result in 
a gas to which the three postulates ap>ply. 
For in any encounter, occurring in a gas that 
satisfies these postulates, some momentum, 
perpendicular to the wall, is simply transferred 
to another molecule, and reaches the wall 
without loss. The molecule which takes it 
up has to travel the full remainder of the 
distance in the direction of x, neither more 
nor less, since the dimensions of the molecules 
are negligibly small (Postulate 3), and no 
time is lost in the encounter (Postulate 2). 
Hence the general result of the encounters is 
not to alter the amount of momentum which 
reaches the wall in any given time, and the 
conclusion remains valid that 

PV= lv\ 

Comparing this with the perfect-gas equation 
PV = RT, 

we see that is proportional to the absolute 
temperature ; and consequently the average 
kinetic energy which the molecules possess 
in virtue of their velocity of translation is 
proportional to the absolute temperature. 
We shall call their energy of translation E' ; 
they may, in addition, have energy of other 
kinds, as was pointed out in § (58). 

The energy of translation of the molecules 



986 


THERMODYNAMICS 


E' is equal to per unit mass of* the gas. 
Hence by the molecular theory 

PV = |E', . . . (106) 

and the pressure is equal to two -thirds of the 
energy of translation per unit volume of the 
gas. Further, since PV = RT, this result may 
be written in the form 

E'=§RT. . . . (107) 

It may be noted in passing that the mole- 
cular theory explains why a gas is heated by 
compression. Think of the gas as contained 
in a cylinder, and being compressed by the 
pushing in of a piston in the direction of x. 
Then any molecule which strikes the piston 
recoils with an increased velocity because it 
has struck a body that is advancing towards 
it. The component velocity Vj. normal to the 
piston is not simply reversed by the blow, 
but is increased by an amount 2v% where v' is 
the velocity with which the piston is moving 
when the molecule strikes it, for the quantity 
which is reversed is the relative velocity 
v^-hv'. The result is that the motion of the 
piston in compressing the gas augments the 
average velocity of the molecules, and conse- 
quently increases on which the temperature 
depends. 

The laws of Boyle, Avogadro, and Dalton 
follow immediately from the molecular theory, 
for gases which obey the three postulates. 
Keeping constant, which implies constant 
temperature, we at once have Boyle’s Law 
PV = constant, since PV = 

If there are two gases at the same pressure, 
since P== in each, 

= W2Nat’2^- . . (108) 

Maxwell has shown that if two gases are at 
the same temperature, the average kinetic 
energy of a molecule is the same in both, or 

my^L\“=mcj.V2^, . . (109) 

Hence if they are at the same pressure and the 
same temperature 

Ni=N2, . . . (110) 

that is to say, the number of molecules in 
unit volume is the same for both, which is 
Avogadro’s Law. It follows that the density, 
or mass of unit volume, differs in the two 
gases in the ratio of the masses of their 
molecules ; in other words, the density is 
proportional to the molecular weight. 

Again, the molecular theory shows that in 
a mixture of two or more gases, each of 
which obeys the three postulates, 

P = etc. (Ill) 

Iii other words, the partial pressure due 'to 
each constituent of the mixture is the same 
as it would be if the other constituents were 


not there. This is Dalton’s Law (§ {(>0)). 
Thus the molecular theory, for gases which 
satisfy the three postulates, gives results 
identical with those wo already know as laws 
of ideal perfect gases. 

In a real gas the postulates do not strictly 
hold. The size of the molecules is not 
neghgible, and in any encounter there is an 
appreciable time during which the molecules 
concerned exert forces on one another. There 
may even be temporary pairmg or co- aggrega- 
tion on the part of some molecules. It is 
interesting to inquire, in a general way, how 
these departures from the ideal conditions 
affect the calculation of the pressure. 

For this purpose, consider the simple case in 
which one of a group of molecules, advancing 
towards the wall, meets another molecule, 
initially at rest, to which it passes on the 
whole of its momentiini, and the other molecule 
then completes the journey and delivers the 
blow. If there were no loss of time in. the 
encounter, and if the second molecule could 
be regarded as travelling over exactly the 
remainder of the distance, the rate at which 
the wall receives momentum would bo exactly 
the same as if the encounter had not taken 
place. But if there were loss of time in the 
encounter, such, for example, as would occur 
if the two colliding molecules moved together 
for any appreciable time, with a common 
velocity, then the rate at which the wall 
receives momentum would he rodiiced, with 
the result of reducing P. On tlic other hand, 
if the molecules have a finite size, so tliat 
the one which was initially at rest had Ic'ss 
distance to travel in completing the journey, 
the rate at which the impacts succootl one 
another on the wall would bo increased, 
with the result of increasing P. Huh indicates 
that the pressure in a real gas will differ from 
the ideal pressure, which is given by the 
equation PV=J?;^ by two small terms, one 
positive, depending on the size of the molecules, 
and one negative, do])cnding on their cohesion. 
Fluch, in effect, is the kind of modification wliich 
finds expression in characteristic (Mjuatioiis Iik(^ 
those of Van dor Waals, Clausius, or Calhuular. 

Prom the equation P— whic.h may 
be taken as very nearly true of real gas(‘H 
at moderate pressures, it is (‘asy tn caUudate 
the molecular velocity wlu^n l-lu^ prx^sHuro and 
density are known. Tfu^ ])r()du(d; a/N is the 
density, and there is no in^cd to know m or 
N separately to find ?.?. Jn oxygem, for (‘xami)l(s 
at 0*^ C., the density is ()•()() 1429 grammes pen* 
cubic cm. when the pressure is one atinosplu'ro 
or 1*0133 X 10® dynes per sq. cm. Hence v is 
461 metres per second ; in hydrogen at the same 
pressure and temperature it is 1839 metres jx^r 
second. 

In the ideal gas the energy of tj'anslatiou of 
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tlui E/, ia :JPV or [!RT. Conse- 

(jiKMitly Oiicli of tlicir throe degrees of freedom 
()l iranshitiou aecouiitH for an amount of 
internal energy ('qual to UtT. By the dy- 
iia.nu(;al {)i'inci])le of equi partition each effective 
cl(‘gr(a!) of fr(M‘(loni of rotation must take up 
an (M|ual aniouut, and wo thereby obtain the 
rc'Hults whicli were stated in § (58), as to the 
(auTgy and s])oeitic heats of monatomic, 
diatomic, and polyatomic gases. So long as 
tlun’c is no apj)r(^ciable energy of vibration 
within tile molecule the whole energy. of a 
gas whic.h ob(‘ys the three ])oatulatos is made 
up of terms each of which is equal to P^T ; 
th(^ sum ther<'fon‘ depends only on T. Hence 
sudi a ga.s satishes Joule’s J^aw (§ (12)). Since 
the sum is simply })rop()rtional to T, it follows 
Jilso that the si) 0 (;ilic heat is constant. It is 
oidy when acc.ount is taken of energy of vibra- 
tion, whi(‘h is not directly proportional to 
T, that the iue.r(‘aso of specilic heat is explained 
whi(ih is known to occur at high temperatures 
in gas(\s that have more than one atom in the 
molecule. J. a. e. 

Rnr HUM NOUS 
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Tiimbmodynamios : 

hirst Ijaw of. Wlum work is done by the 
(^xp(m<lit/ur(‘ of heat a dcluhto quantity of 
luvbt go<w out of c‘xisicuco for every unit 
of work (lone; and conversely, when heat 
is pr()du(‘e(l by thci expenditure of work 
th(^ same (hdinito (juantity of heat comes 
into oxistene-o for (wery unit of work 
spcmli. Sco “ Thermodynarnms,” § (9) ; 
“ hngiiK^H, Thermodynamics of Internal 
domlnistiou,” § (4). 

H(H‘.()ud Law of. It is im[)ossiblo for a self- 
iUitUig machiu(% unaided by any external 
ag(uicy, to convey beat from one body to 
another at a higher temperature. See 
“ Thermodynamics,” § (17); “Engines, 
'Phcu'inodyuamicH of Internal Combus- 
tion,” § (4). 


Thermo- ELECTE ic Effect. The passage of 
electricity round a circuit consisting of two 
dissimilar metals \vhen the junctions are 
maintained at different temperatures. See 
“ Thermod 3 m.amics,” § (65). 

Thermoelement : 

Calibration of, by comparison with a 
standard thermoelement. See “Thermo- 
couples,” § (24). 

Copper- constantan, for temperatures up to 
300'= C. See ibid. § (2) (i.). 

Iron - constantan, for temperatures up to 
800° C. See ibid. § (2) (ii.). 

Iron - nickel, for temperatures between 
400° C. and 800° C. See ibid. § (2) (iii.). 
Nickel-chromium, Nickel-aluminium, for 
temperatures up to 1100° C. See ibid. 

§ (2) (iv.). 

Platinum - Platinum 10 per cent rhodium, 
introduced by Le Chatelier in 1886, the 
most reliable of all combinations tested ; 
generally employed in high - tempera- 
ture work up to 1500° C. See ibid. 

§ (3) (i.). 

Platinum-Platinum iridium, introduced by 
Barus in 1889, reliable for temperatures 
up to 1000° C. See ibid. § (3) (ii.). 
Temperaturo-E.M.F., Relationship of, repre- 
sented by formulae. See ibid. § (23). 

Thermoelements : 

Base Metal, for low-temperature work up 
to about 300° C. See “ Thermocouples,” 
§( 2 ). 

Differential. See ibid. § (29). 

Temperature -E.M.F., Relationships of, for 
every 100 microvolts or every 10°, tabu- 
lated. See ibid. § (23). 

Wiring of, to Indicator. See ibid. § (28). 

Thermometer : 

Calorimetric and Beckmann : instruments 
of short range capable of being read to a 
high degree of accuracy. See “ Thermo- 
metry,” § (8) (viii.). 

Chemical. See ibid. § (8) (iii.). 

Clinical : a mercury thermometer of short 
range, of the maximum type, used for the 
determination of the temperature of the 
human body or of animals. See ibid. 
§(8)(ix.). 

Comparison of, above 100° C. See %btd. 

§ (11) (ii-). . ^ 

Constant -pressure, sources of error in. See 
“Temperature, Realisation of Absolute 
Scale of,” § (44). 

Constant- volume, sources of error in. See 
ibid. § (45). 

Constant-volume Gas, constant corrections 
to (degrees), tabulated. See ibid. § (45), 
Table 14. 

Construction of Comparison Baths for. See 
“ Thermometry,” § (11) (i.). 

Corrections, applicable to mercury -in -glass 
thermometers, to reduce their readings to 
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tkosG of the hydrogen gas-thcrmcniiotcr, 
tabulated. vSee ibid. § (5), Tables IV., V. 

Deep-sea, used in the determination of the 
temperature of tlie sea at varying depths. 
See ibid. § (8) (vi.). 

Determination of Upper Fixed Point of. 
See ibid. § (3) (v.). 

Earth, used in the determinations of the 
temperature of the soil. See ibid. § (8) 
(v.). 

High-range. See ibid. § (8) (ii.). 

Liquid-in-glass Typos of. See ibid. § (8). 

Maximum. See ibid. § (8) (iv.a). 

Mercury in Glass, used as a secondary 
standard of temperature and compared 
with a gas-thermometer in the range 
0°-100°. See Temperature, Realisation 
of Absolute Scale of,” § (29). 

Mercury in Glass and Organic Liquids in 
Glass, used as secondary standards of 
temperature and compared with a gas- 
thermometer in the range - 273° to 0° C. 
See ibid. § (33). ' 

Meteorological. See “ Thermometry,” § (8) 
(iv.). 

Minimum. See ibid. § (8) (iv.6). 

Pentane : a useful instrument for work at 
low temperatures. See ibid. § (8) (viL). 

Platinum, used as a secondary standard of 
temperature and compared with a gas- 
thermometer in various ranges. See 
“ Temperature, Realisation of Absolute 
Scale of,” §§ (29), (33) (iii.), (42) (ii.). See 
also “ Resistance Thermometers.” 

Sodium-potassium. See “ Thermometry,” 

§ (8) (X.). 

Transmitting. See ibid. § (8) (xiii.). 

Zero Changes of. See ibid. § (7). 


THERMOMETRY 

§ (1) Introduction. — The determination of 
temperature is one of the most frequently 
occurring operations in pure or applied science, 
and a very simple and convenient method of 
carrying out this observation is afforded by 
the expansion of a liquid contained in a closed 
receptacle. In the first ]dace the mercury- 
in-glass thermometer will he dealt with. This 
instrument consists of a glass tube, generally 
referred to as the stem, closed at one end, 
while the other end terminates in a spherical 
or cylindrical enlargement, known as the bulb. 
The bulb and a portion of the stem are filled 
with mercury, the remaining part of the stem 
being vacuous or filled with gas. The stem 
is graduated, and readings of the temperature 
are obtained by noting the position of the end 
of the mercury column when the instrument 
is immersed in the medium the tcmiioraturo 
of which is required. 

Mercury offers many advantages over other 


li([uids in the eonslinu’iion of a. tli('i’tuot\u^li('i' ; 
these may b(^ suinmarisc'd l)i’i(‘lly as follows : 

{a) Mercury o.Kisis in a. liciiiid state ov(‘r ai 
wide range of teinpei'ature ; its fr('(v/,ing"j)oii\t 
is -40° (I, while the boiling-point is 3r>(>" (1. 
under normal pressure. Uiuha* higher jn’cssure 
the boiling-point may be raiH(sl conHl(l('raJ)ly, 
and the use of mereury in tlit'rmonu'lerH is 
oxtonded by an ai)plication of ibis to Unn- 
X)eraturcs up to 550° (1. This point will l)e 
dealt with in eomiection with bigli-i’a-nge 
thermometers. 

(b) The expansion of mercury is regubu*, 
that is to say, mereury do(''S not exhibit any 
anomaly as in the ease of walei*, which luvs 
a maximum density at 4° (1. ; this would UmuI 
to ambiguity if the latter substamu^ wtuH' us(mI 
in a thormomotor. ''.riio expansion of imu'cury 
is not, however, accuiratc^ly proportional f.o 
the tGm])oraturo tneasurcMl on th(^ al)Holulie 
scale, although it is approximabty so ; Ikmuh^ 
the normal scale of a mercury tlunutumuditM’ 
departs from the gas or absolute seaU^ ' as 
dealt with in a later })aragrapb. 

(c) Mercury docs not “wet” the gbiss, and 
consequently can bo employed in liiu^ e.apil- 
laries. 

(d) Mercury is opaque, and therefort^ can 
be easily soon in a fine-boro t\d)e. 

(e) Mercury may readily Ix^ obtaiiuMl in a 
high state of purity by distillation. 

The glass cmj)loycHl for the construcfhm of 
a thermometer must be chosen wit.li r('g!ird to 
several charaeteristies. main considt'ra- 

tion is that the glass sliall rapidly ndiurn to 
its normal state after being postal to an 
increase in temperature, and furth(U*moi’(\ tluvt 
it shall be stable. The drst e()n(litioi\ is inw’t'r 
exactly realised in ])ractitHS for if fh(^ /-tu’o 
of a thormomotor be accai ratt^y (IcUn'mimal 
before and after exposure to a IdgluM* t('mp(U‘ii- 
turo it will bo noticed that the origiuapl rea^ding 
is not exactly re])roduetHl. KnrtluM’morts if 
a thermometer be ke|)t at a (umstatd) itau- 
peraturo over a long ptu'iod its naidings will 
bo found to have changtal slighdy ; tliia 
matter is dealt with in l.lu' sc'ction on /.('I'o 
changes of tliermouKitcrs. It is, of <iourH(\ 
necessary tliat tlu^ glass asial for l-lu' (‘onslirne- 
tion of thermomeriu’H, particularly tlioH(s of 
higher range, shall liav(^ a, high sofleidng^ 
point; the glass must b<\ such that it (am 
worked in tlie blowpipe Ihinu’) in tla^ pnax^ss 
of construction of tlie instrunand/ witlumt 
dovitrifying and iHuioming cloudy. 'lh<^ ;daHH('S 
used in the construction of high-ra.ng(^ tlan’ino- 
meters offer greater (Uniculty in working tlum 
those em])loyod for ilu^ ordinary type's of 
instrumout. The glass nmal for tin' siem of a 
thermometer (vvld(?h tuxxl not msawarily hct 
of the same material of which tlu^ hull) is 

“Temperature, iteallHatlou of Ahsohitc Scale 

of,** § (5). 
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constructed) should give clean-cut divisions 
when etched by hydrofluoric acid in order 
that an accurate scale may be obtainable. The 
glass, further, should be homogeneous and free 
from striae or inclusions which would lead to 
distortion of the position of the mercury 
column, besides rendering the bore of the 
capillary irregular. 

Two classes of thermometers may be dis- 
tinguished : firstly, standard instruments 
which are provided with both fixed points 
(viz. 0° C. and 100® C.), and for which the 
corrections may be determined by direct 
calibration ; and secondly, those of restricted 
range which do not embrace both fixed points, 
and which are calibrated by comparison with 
standard instruments. 

The use of other liquids may be mentioned 
here, although detailed descriptions of the 
thermometers will be given later. For tem- 
peratures lower than -40° C. it is necessary 
to replace mercury by liquids of lower freezing- 
point. Alcohol is employed to a large extent 
and enables thermometers to be constructed 
for temperatures as low as - 80° C. Petroleum 
ether may bo employed for still lower ranges, 
but a more satisfactory substance is pentane, 
which can be xised down to the temperature 
of liquid air. For higher temperatures various 
metals, such as tin (^r a mixture of sodium 
and potassium, have been suggested ; so far, 
however, those have not been found very 
satisfactory, and for temperatures above 
500° C. recourse should be had to electrical 
pyrometers and radiation instruments. 

§ (2) Historical. — The thermometer ap- 
pears to have been first used at the beginning 
of the seventeenth century, but it is not 
known for certain who invented the instru- 
ment. D’Alence, in his book on Barometers, 
Thermometers, and Hygrometers, published in 
1088, probably the first separate treatise 
written on this subject, attributes the inven- 
tion to the Dutch scientist ’Drebbel, about the 
year 1008 ; but it would api)ear that Galileo 
constructed similar instruments a few years 
earlier. Such a thermometer should more 
correctly be called a thermoscope; it consisted 
of a glass vessel provided with a long neck 
inverted in a basin of coloured liquid ; by 
warming the vessel some of the air was 
expelled, and on subsequently cooling it the 
li(}uid rose in the tube ; changes of tempera- 
ture were made manifest by the rise and fall 
of the licpiid. An arbitrary scale attached to 
the tube served to give a rough indication of 
the changes of temperature to which the instru- 
ment was subjected. In all these early instru- 
ments the expansion and contraction of air 
was reli(al on to give the indications. The 
employment of a liquid receives first mention 
some sixty to seventy years later in the 
Proceedings of the Florentine Acadeiny, pub- 


lished in 1667, in which are described thermo- 
meters ^ consisting of a long tube with a 
spherical bulb filled with spirit, thereby render- 
ing the instrument independent of changes of 
atmospheric pressure. Scales were attached 
to the thermometers, and an effort was made 
to secure uniformity between difierent instru- 
ments by figuring the scales in accordance 
with a definite scheme ; the values chosen 
were 20 for the coldest temperature ex- 
perienced in winter, and 80 for the hottest 
at midsummer. The resulting scale is, of 
course, very rough, but it affords evidence of 
an attempt to construct instruments whose 
readings would be comparable. Both Boyle 
and Hooke realised the deficiencies of these 
scales and independently suggested the em- 
ployment of more definite reference points ; 
Boyle used as his datum mark the height of 
the column of liquid at the freezing-point of 
oil of aniseed. Hooke, on the other hand, 
used the freezing-point of distilled water as 
a zero and, further, marked his degree-scale 
as proportional parts of the volume at the 
zero pomt. Sir Isaac Newton constructed a 
thermometer of linseed oil in glass,^ his scale 
being based upon the melting-point of ice as 
zero and the temperature of the human body 
as 12° ; on this scale he found that the 
boiling-point of water was 34° and the melting- 
point of tin 71° ; the extended use of a 
liquid-in-glass thermometer to higher ranges 
is worthy of note. 

A few years later considerable advances 
were made by Fahrenheit, who introduced 
mercury as a thermometric liquid, thereby 
constructing the forerunner of the mercury- 
in-glass thermometer. Fahrenheit introduced 
cylindrical bulbs in order to increase the 
sensitivity of his instruments, and also laid 
the foundations for the employment of a 
rational scale of temperature. His scale was 
based on three fixed points : the temperature 
of a mixture of ice, water, and salt was taken 
as zero, that of a mixture of ice and water as 
32°, and the normal temperature of the human 
body as 96°. Fahrenheit observed that on 
his scale the boiling-point of water was 21 2°, 
although he did not take this as a reference 
point. The origin of the numbers appears 
to have been quite arbitrary. The numbers 
32 and 212 arc retained to the present day 
for the freezing- and boiling-points of water 
on the “ Fahrenheit scale,” although the 
modem Fahrenheit scale is not exactly the 
same as the original. More accurate observa- 
tions show the temperature of the human 
body to be 98-4° instead of the value 96° 
assigned to it by Fahrenheit himself. 

Mention must be made of the work of 

^ One of these instruments is in the Museum at the 
Cavendish F ahoratory, Cambridge. 

* Phil. Trans., 1701. 
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Reanmur, wlio studied the alcohol thermo- 
meter. He found that a certain mixture of 
alcohol and water expanded from 1000 parts 
to 1080 between the freezing- and boiling-points 
of water ; he consequently divided his scale 
into 80 divisions, taldng zero as the freezing- 
point of water and 80 for the boiling-point. 
His nomenclature survives to the present day, 
but the later scale does not agree with the 
original owing to the fact that Reaumur 
overlooked the serious error introduced by 
the assumption that the alcohol thermo- 
meter could be used up to the temperature 
of boiling w^ater. His scale was, however, 
applied to mercury thermometers by other 
workers, giving the modem scale which is still 
extensively used in parts of Central Europe 
and Russia. 

The centigrade scale was derived from a 
scale suggested by Celsius, who divided the 
interval between the boiling- and freezing- 
points of water into 100. He, however, 
inverted the usual order, and designated the 
freezing-point by 100 and the boiling-point 
by 0. Shortly afterwards this scale was 
reversed, producing the modem centigrade 
scale. 

Much of the above information is given in 
a series of essays by Dr. Martinc on the 
ConstriLCtioii and Graduation of Therynojneters^ 
published in 1792. Martine calls attention 
to the following points : 

(а) The variation of boiling-point of water 
with pressure. 

(б) The calibration of a thermometer tube 
by means of a detached thread of mercury. 

(c) The difference in scales resulting from 
the use of different kinds of glass. 

(d) The disadvantages attached to the use 
of a Liquid which wets the glass tube, parti- 
cularly if the liquid in question is very viscous. 

(e) The sluggishness of thermometers pro- 
vided with large bulbs, in which connection 
he advocates the use of a small bulb combined 
with a fine capillary to secure a reasonably 
open scale. 

Martine appears to have had a very clear 
idea as to the desirability of introducing 
standard scales for thermometers, and strongly 
advocates the employment of the freezing- 
and boiling-points of w'ater as the two funda- 
mental fixed points. In one of his essays he 
studies very fully the various scales that had 
been suggested from the earliest dates, and 
derives a diagram by means of tyMcK these 
scales can be compared, 

§ (3) Stakdard Thermometers, — The de- 
termination of temperature by the mercury- 
in-glass thermometer is based upon the change 
in volume of mercury in a glass container, 
and the magnitude of a degree is indicated by 
a definite proportion of the apparent expansion 
between two fixed points. The fixed points 


chosen arc the freezing- and boiling- pointH of 
water iimler si)ocial (^on(Uti(>nH, and on tln’i 
centigrade scale, to \vhi(ib aileiiiion may 
confined at the moment, iho degren^ is n'-- 
Xuesented by the luindredth pai’t of the 
expansion between these limits. Tims in the 
tlicrmomcter indicated in /'7V/. I th(‘ tenipera- 
turo 0 is defined as the ratio of the 
volume of the ca])illary beiAVC'en the 
points 0 and 0 to that IxdwHUMi 0 
and 100, so that if V,„ and 
be the volumes of the luilb an<l 
capillary measured to 0, 0, and 
100 respectively, the tcmj)oraturo is 
given by 


0 -- 


V,- 


■Vn 


X 100. 


The dimensions of a siandanl ther- 
mometer must therefore be such 
that the mercury is visible in tlu^ 
capillary tube both when the t/(an- ^ 
poraturo is lowered to the freezing- 
point of water and when it is raiscid 
to the boiling-point. The expansion 
of the mercury is manifestod by 
the position of the column in the 
capillary tube forming the stem of 
the thermometer, and if the volume 
of this tube between the two fixed . „ 
points be divided into one Imndred 
equal parts each of theso divisions \ / 
will represent a degree on this j)ar- ■ 
ticular scale. In a perfocst instrument I 
the internal diameter of the ca])illary ^ 
tube would be constant through- I'lO. 1. 
out its length, and in conscquonco 
the division of this volume into one hundred 
equal parts would be attained by the division 
of the length between the two fixed ])oiuts into 
this number of equal intervals of length. In 
actual practice the perfect instrument is never 
attained, and in conscquonco it becomes 
necessary to investigate the departure from 
the ideal conditions and to dotormino the 
necessary corrections w^hich may ho a]>pUed 
to the readings of the instrument to allow 
for these accidental variations. The points 
to which attention must bo drawn are as 
follows : 

(a) Calibration Corrections. The (^n.jfillary 
wall not be such that it is ])ORsiblo to assnnio 
that equal intervals of volume Avill be given 
by dividing the length of the tube into equal 
parts ; the volume between any two divisions 
will depend upon tho moan (iross-sc^ctional 
area between the two divisions. It would 
appear, therefore, that tho divisions on a 
thermometer stem should bo placed at points 
corresponding to equal intervals of volume 
rather than to divide the tube linearly. vSuch 
a process would bo exceedingly tedious in 
order to provide a sufficient number of sub- 
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diviHionw, and therefore the method adopted 
iH to divide tlio tube by means of an accurate 
dividinfT machine and then obtain the neces- 
saiy (‘.orreetions to convert the readings to 
volume increments. The process by which 
these eorreedions are determined is termed the 
calibration oE the tube, and is performed by 
mcaHiiring the length of a mercury thread in 
tonus of the divisions of the tube when in 
(lilTorent positions in the capillary. If the 
tomporatui’G at which the calibration is done 
is maintained constant the volume of the 
mercury contaiued in the thread mil also be 
constant, a,nd the length of thread in differ- 
ent parts of the tube will conseq^uently give 
a nu'asure of the variation in cross-section 
corresponding to these positions. 

{h) and (r.) Pressuro Corrections. In an 
j(k^al thermometer the glass envelope should 
In'! incompressiblo, so that changes of pressure 
either inside the thermometer or exterior to it 
will have iif) effect on the position of the 
nuu'cury column. In actual practice it is 
nocicssary to a])])ly corrections to allow for 
this. Internal pressuro arises from differences 
in the length of the mercury column at 
(lilhu'cnt t(utiperatures, thereby producing a 
hydrostatic pix'ssure within the bulb tending 
to inciH'ase the siv-e oE the bulb as the tempera- 
ture risers, provided the thermometor is used 
in a position other than the horizontal; the 
correction is dotennined by noting the change 
of reading wlien the instrument is used in 
the horizontal and vortical positions at con- 
stant temperature. The external pressure 
upon the instrument depends upon changes 
in the barometric i)re8suro, together with any 
additional pressure produced by the immersion 
oE the tliermomcter below the surface of the 
li(iuid whoso temperature is being measured, 
d'ho total external pressuro to which the 
inHinnncnt is subjected is the barometric 
pi’CHsure ])lus the hydi’ostatic head measured 
from t/he levcil of the liquid in the bath to the 
centre of the bulb of the thermometer. 

{(i) Zero Correction. The position of the 
zero of the thermometer may not be accurately 
determined in the Hrst instance, and in any 
viiHO tlio zero is liable to change in course of 
time, and also according to the temperature 
to whicih the instrument has previously been 
(^xjJoHod.''- It therefore becomes necessary to 
apply a correction to allow for the departure 
of the freezing-point from the zero of the scale 
(uigraved upon the tube. 

{(>,) Fundamental Interval. One hundred 
(livisions of the scale vill not in general 
(iorrt'.spond to the difference between the 
position of the mercury column corresponding 
to the boiling- and freezing-points of water. 
'.Phis is corrected for by application of the 
fundamental interval correction. 

1 See § (7). 


(i.) Calibration of Tlierjnometers, — As previ- 
ously mentioned, a standard thermometer is 
constructed by dividing the difference between 
the fixed points into a definite number of 
intervals. Owing to the difficulty of making: 
the divisions correspond to equal intervals 
of volume it is customaiy to divide the tube 
into equal intervals of length ; it then becomes 
necessary to evaluate these divisions in terms 
of volumes. The process is known as calibra- 
tion of the tube and is performed by the 
introduction of a thread of mercury which is 
moved into a series of positions along the tube. 
In the construction of thermometers of preci- 
sion it is necessary to make a preliiniQary 
calibration of the tube to ascertain whether 
the bore is uniform, and only those tubes 
which are satisfactory in this respect should 
be employed for high-class instruments. The 
correction at any point should not exceed 0*1®, 
or at the most 0-2° C., for a thermometer of 
50® C. range. It is particularly necessary 
that there should be no abrupt changes in 
diameter in passing along the tube, as at these 
points the value of the correction to be applied 
to the observed reading will change rapidly, 
and consequently the accuracy with which 
it can be determined will be reduced unless 
a very large series of observations is made. 
The complete calibration of the tube is in 
general carried out after the thermometer has 
been constructed, although it is possible for 
this to be done prior to making the thermo- 
meter. The work of calibrating the highest 
class of standard thermometer is very consider- 
able, so much so that it is worth putting a 
new bulb to such a thermometer should the 
original bulb be broken. A highly skilled 
glass-blower can affix a new bulb and ad- 
just its size so that the original scale is 
made use of. It is of course necessary to 
redetermine the fundamental interval, the 
pressure corrections and the zero of the 
thermometer, but the work of recalibrating 
the tube need not be performed. In the 
ordinary calibration of the tube by the 
mercury thread process it suffices to use a 
thread which occupy about -ijVtb of 

the length of the tube it is desired to investi- 
gate ; but for the highest class of work it is 
necessary to make use of a series of threads of 
various lengths. 

Reference may first be made to the separa- 
tion of a thread of mercury from the main 
column. This may be carried out by heating 
the tube with a small flame at a point below 
the end of the mercury column equal to the 
length of the thread required. Such a method 
is, however, dangerous, and in consequence 
should not be used for thermometers of any 
value. Recourse should be had to a method 
which, though somewhat tedious, does not 
involve risk of damage to the thermometer. 
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The thermometer is held ia a vertical position 
with the bulb upwards ; by lightly tapping 
the tube the mercury can be caused to run 
down from the bulb. The tube is then 
rapidly reversed and is sharply struck with 
the finger, causing the mercury to break away 
from the main bulk at the neck of the bulb. 
The thermometer is then held in a horizontal 
position and the separated thread of mer- 
cury allowed to move along the tube until its 
end is in a suitable position for observation. 
The column is then allow^ed to rejoin by 
warming the bulb. At the point of junction 
a very small bubble of residual gas will have 
accumulated, and this serves to break the 
column at this point when desired. Hence 
to break ofi a definite length of mercury the 
bulb is allowed to cool slowly until the mer- 
cury contained between this point and the 
end of the mercury column is equal to the 
desired length. Immediately this is the case 
a sharp tap wall again break the thread, 
leaving a suitable column for the purposes of 
calibration. 

For convenience in moving the column 
from point to point along the thermometer 
tube, in making a calibration, it is desirable 
to support the thermometer in a horizontal 
position on a table which may be tilted about 
a horizontal axis at right angles to the length 
of the thermometer. By suitably placing 
stops to limit the amount of tilt, it is possible 
to move the mercury thread slowly backwards 
and forwards in the capillary. The table also 
serves to support reading - microscopes, by 
means of which the positions of the ends of 
the thread of mercury are accurately deter- 
mined iu terms of the scale of the thermo- 
meter. Successive readings are taken along 
the tube, and the operation is repeated in 
the reverse direction, partly to reduce risk 
of errors of observation, but also to compen- 
sate for the small changes in volume of the 
mercury thread due to slight variations in the 
temperature. 

As an examjde of the simplest method of 
calibration by the mercury-thread method the 
case of a thermometer ranging from 0° to 
100° C. vdll he considered. A thread about 
10° in length is first separated off and its 
lower end (i.e, the end nearer to the bulb) is 
brought to the zero of the scale. The ])osition 
of the other end is then read in scale divisions 
by means of a low-power microscope. Tbo 
thread is then moved along the tube so that 
its lower end now coincides with the division 
10, and the reading of the other end is again 
observed. Proceeding in this way a series 
of ten readings will be obtained before the 
upper end of the thread is in the neighbour- 
hood of the 100° division. The operation is 
then rejieatcd in the reverse order, the upper 
end of the thread being brought to the 


divisions 100, 90, 80, etc., and the cori’C'spond- 
ing positions of the lower (Mid iioUhI. Odio 
mean of each pair of rcMulings is tak(Mi, giving 
a series of values of tlu^ lengtii of the thrcMid 
for each 10° interval along ilu'i tube. The 
differences of these lengths from tlie uumui 
length of the thread are tluni calculat(Ml. 
Let these dilTorcnccs l)o do, d.^, etc., then d^ 
is the correction to bo applied at the end of 
the first interval, i.e. at tlio 10° division ; d,j 
is the correction to bo applied for the secanul 
interval, Le. it would bo the correction to bo 
applied at the 20° division if the 10° division 
were not in error ; the correction Ium’o is, 
however, so that the actual c.orrection 
at the 20° division is the sum of those correc- 
tions, i.e. d'l-hd^. In the same way tho 
correction at the 30° division is -I- d.,, 

and so on. Hue attention must of (‘oiirso 
be paid to tho sign of r/o, d;„ etc.., and it 
will bo noted that zero, i.e. the 

correction at 100 is z(M'o. 

The above method lias the disadvautago 
that errors of observation are cuinnlativ(% 
so that no real imu’case in accuracy is at- 
tained by dccroasing the length of the ihrc^iul 
and increasing the numhor of intervals ovtu* 
which the thread is measured. To oviM’c.omo 
this difficulty a number of more oornpli(Mit(Hl 
methods have been devised iu whicli the 
total length of tube calilirated is divid(Ml 
into a number of sections at points tcM'mcd 
“principal jioinis,” and oa.(9i of tliese sec-tions 
arc in turn invcstigahal. ddieso niotliods ai’O 
dealt with by (hnllaumo ^ and Kalfonr- 
Stowart, Rucker and Thor])o,® and I’cvku’cmee 
should bo made to cither of thc^se acicounts 
for details of a full cialibration. 

(ii.) Internal Premi.re CorrocMon.-^'TlK) in- 
ternal pressure correction to a thennonu^ter 
is generally dotorminod from obseuwations 
at the boiling-point of water, when tho thei’ino- 
meter is road in the vortical and iiorizontal 
positions res])cctively. The int(M’ual prewsuro 
correction at the boirmg-})oirit of watcM’ is 
given by tho difierence betweam the naulings 
in those two ))ositi()ns, while the (M)rr(Hiti()n 
at intermediate positions is laJaMii jvs |)i*oj)()r- 
tional to the distance of tho end of tho 
mercury columu from tho eeiitro of tlu^ I)idl). 
A table is then calonlated so that tln^ rtmgnituth^ 
of tho cormotion at eaoli dc'greo of Uh'i soah^ 
(or other suitable intcMwai) may ho rcMidily 
ascertained. 

In tho case of tlieiMnorrudKM's in whhdi tho 
space above the nuM’enry is lillcMl with gas, 
allowance must Ix' macU'i for its pressure ; 
this has to ))e eahadated from tlie I<n()wl('idg(^ 
of the initial jirc'SHun^ and volunu^ of the gas, 

^ TmM (Ir la Uirrmonx^tric, IHHU, j))), Ki-')',). 

“ "Methods cniployod iu (ijillbnitiou of Mi^rcury 
Tli<^rnK)inct<‘rH," Itnl. Amir, Jtrportfi, 1HH2. 

3 S(*e “ I)(;tcrinlna1lon of UpiKjr Jd.v(Hl Tolnt," 

§ (3) (V.) 
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together with the change in volume according 
to the position of the mercury column and 
of the change of temperature to which the 
thermometer is submitted. In general this 
latter correction will not be required, as 
primary standards cannot be gas-filled if a 
calibration of the tube is to be carried out by 
the ordinary method. 

(iii.) External Pressure Correction. — To deter- 
mine the external pressure correction for a 
thermometer the change in the position of the 
mercury column at definite temperatures is 
measured when the thermometer is submitted 
to different external pressures. It is most 
convenient to choose atmospheric pressure as 
one of these values and a pressure of a few 
millimetres of mercury for the other. The 
apparatus employed is a glass tube into which 
the thermometer may be inserted, and which 
may be connected by means of a two-way 
stopcock to the atmosphere or to an exhausted 
reservoir. A mercury gauge serves to meas- 
ure the pressure to which the thermometer 
is exposed. The glass tube enclosing the 
thermometer should contain some mercury 
at its lower end, in which the bulb of the 
thermometer is immersed, to enable it readily 
to pick up the surrounding temperature, and 
above this glycerine should be introduced 
to facilitate the reading of the thermometer 
through the glass tube. The whole of the 
tube should be enclosed in a bath of water, 
the temperature of which can be controlled. 
A bath such as is described later for the 
comparison of thermometers serves admirably 
for the purpose. Readings of the thermometer 
are taken with the glass tube alternately open 
to the atmosphere and connected to the 
exhausted vessel. 

If and are successive readings of the 
thermometer when exposed to the atmo- 
spheric pressure, Pi and is an intermediate 
reading of the thermometer under reduced 
pressure then the external pressure co- 
efficient is given by the relation 

The value of ^ can then be calculated. 

This formula holds if the temperature of the 
bath be slowly changing during the observa- 
tions, provided the rate of change is uniform 
and that the successive rea’dings are taken at 
regular intervals ; in fact the most accurate 
values of /3 are derived from observations made 
with the temperature rising at such a rate that 
the value of is slightly in excess of say 
0-01° C., as otherwise the reading corresponding 
to the lower pressure will be taken on a falling 
meniscus and may therefore be affected by 
capillarity. A number of observations should 
bo made and the most probable value of the 
coefficient calculated by the method of least 


I squares. From a knowledge of the coefficient 
of external pressure as above determined 
and of the coefficient of elasticity of the glass, 
it is possible to calculate the mean thick- 
ness of the walls of the bulb on the assump- 
tion that this bulb is a uniform cylinder. 
Considerations of the sensitivity of thermo- 
meters lead to a reduction of this thickness ; 
the advantage, however, is counterbalanced 
by the resulting increase in the external 
pressure correction, which becomes more 
important the thinner the walls of the bulb. 
For standard thermometers the thickness 
may conveniently be from 0*5 mm. to 0-7 mm., 
and in such a case the external pressure 
correction is of the order of 0-0001° C. per mm. 
change in pressure. 

For convenience in applying the pressure 
correction to thermometers it is desirable to 
calculate a table giving values of the correction 
for each millimetre change in the external 
pressure to which the thermometer is likely 
to be subjected. The external pressure in any 
observation will be the barometric pressure 
plus the hydrostatic head corresponding to 
the difference in level of the centre of the 
thermometer bulb and the surface of the 
liquid in which it is immersed. 

(iv.) Determination of the Zero of a Thermo- 
meter. — The zero of a thermometer on the 
centigrade scale is defined as the temperature 
of pure ice melting under a pressure of 760 mm. 
of mercury ; in actual 
practice it is not neces- 
sary to make any cor- 
rection for the changes 
in barometric pressure, 
since the lowering of 
the temperature of 
fusion is only of the 
order of 0-008° C. per 
atmosphere increase of 
pressure.^ The de- 
termination is most 
easily carried out in the 
simple apparatus indi- 
cated in Fig. 2 ; a glass 
bell-jar, of diameter 
6-6 in. and depth from 12-15 in., is supported 
in a suitable case in an inverted position and 
surrounded by non-conducting material. The 
bell- jar is provided with an exit tube fitted 
with a tap. A vacuum vessel of large size, 
particularly of the type provided with an 
opening at the lower end, can with advantage 
be used in place of the lagged bell- jar. The 
vessel is packed with ice in the form of fine 
shavings, and is moistened with distilled 
water ; excess of water may be run off through 
the exit tube, but the ice must not be drained 
so that it appears white ; it must remain 
thoroughly saturated with water during 
^ Tammann, 1900. ■ 

3 s 
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observations. For the most accurate deter- 
rojnations it is necessary to make the^ ice 
from distilled water, very special precautions 
being taken to prevent contamination with 
any saline matter. For most practical work, 
however, natural ice may be used, as the 
purity of this is very high. The use of 
ordinary commercial ice is to be deprecated, 
as this fre<puently contains salt from the brine 
circulation employed in its manufacture. The 
absence of soluble chlorides should be tested 
for by means of silver - nitrate solution ; 
sulphates sKould also be looked for by means 
of barium-chloride solution. Prior to prepar- 
ing the ice shavings the block of ice should be 
carefully washed in distilled water. To insert 
the thermometer under test a hole is made in 
the tightly packed ice by means of a glass rod 
of diameter about that of the thermometer 
under investigation ; this is pressed into the 
ice vertically to a suitable distance ; the 
thermometer is then inserted into the hole so 
formed and supported by means of the clip 
shown and its height adjusted so that the 
mercury column is just visible above the ice. 
Care must of course be taken that the 
thermometer does not reach the bottom of 
the vessel For thermometers in which the 
zero point is some distance from the bulb a 
longer ice-bath may be required. In the other 
case, in which the ice point is very close to the 
bulb, it is desirable to pile the ice round the 
stem above the level of the zero point ; a small 
* amount of ice is then removed from in front 
of the thermometer to permit of observations 
being made. Readings are made •with the 
aid of a telescope with a micrometer eyepiece ; 
a magnifying power of about 10 is sufficient 
for most purposes. It may be pointed out 
here that, in taking a zero reading after 
exposure to a higher temperature, recovery of 
the depression begins almost immediately ; 
readings should be taken corresponding to 
the lowest reached or, alternatively, after a 
definite interval of time has elapsed since the 
thermometer was removed from the higher 
temperature. In making observations of the 
zero it is often desirable, especially in the case 
of thermometers of fine bore, to subject the 
instrument to vibration by sharply striking 
the table on which the apparatus is standing, 
before taking a reading. This prevents the 
holding up of the mercury column by capil- 
larity, It is obviously not possible to over- 
come this difficulty by taking the ice-point 
on a rising temperature as in most other 
thermometric comparisons. 

The zero reading, if not coincident with the 
0® division on the thermometer, requires 
correction for the calibration error of the 
tube, and the internal pressure, while a 
correction for the external pressure may also 
be necessary. 


(v.) Determination of the Upper Fixed Point 
of a Fhermo7)ieter.--T}io upper fixed point of 
a thermometer, namely 100° C. (or its cqui- 
valent 212° F.), is defined as the temperature 
of the steam issuing from boiling water under 
a pressure of 760 mm. of mercury corrected to 
zero temperature, to a latitude of 45°, and to 
the sea -level. The apparatus in which the 
boiling-point is usually determined is essen- 
tially that used by Rcgnault, and consists of 
a cylindrical tube in communication with the 
vessel in which the water is boiled. The tube 
is surrounded by a second tube of somewhat 
larger diameter in such a way that the steam 
from the boiler passes up the inner tube and 
then down the outer tube, thence it is conveyed 
to a condenser open to the atmosphere or is 
merely allowed to escape ; the inner tube is 
thus provided with a steam-jacket which 
prevents partial condensation and local 
variations of temperature. The thermometer 
is supported so that the bulb and most of 
the mercury column are within tlie inner 
tube ; the mercury being just visible above 
the top of the apparatus. Care must bo taken 
to ensure that the bulb of the tliermometer 
does not reach the level of the water in the 
boiler and that drops of water cani\ot fall on 
it if the ebullition is somewhat vigorous. 
Two modifications of this apparatus are em- 
ployed at the National Physical Ijaborai^ory 
and may be referred to here — ■ the iirst^ is 
due to Chappuis, and is such as is used 
at the International Bureau at Sevres, while 
the second is an electrically heated bath 
for dealing with six thermometers at a 
time. 

(a) The apparatus dcKsigned by 0ha])])uis ^ 
is indicated in Fig. 3. In this a|)i)aratuH tlu^ 
jacketed tube in which 
the thermometer is su])- 
ported can bo tuiucd 
about a horizontal axis 
while still in oominunkui- 
tion with the boiler and 
the condenser so that 
the thermometer may bo 
read at the boiling-point 
of water in the vortical 
and horizontal positions. 

This enables the internal 
pressure correction to be 
determined (see section 
on Internal Pressure 
Correction ”). 

(b) Fig. 4 shows the 

construction of the boiling-point ap])aratus 
designed at the National Physical Laboratory. 
Points to which attention may bo drawn are 
the following. A sheet of gauze is HU])p()rtod 
within the inner tube of the apparatus to 
prevent any water being aplashcKl on to th<^ 
* See Chat)puis, Tmv. ct IHHH, vL 
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hull) of llui thoi‘inoui(^t.(u’H. The (;< )n(lcii8cd 
h1i(‘juu Ih ('(‘funu'd to ilu'i hoilor, wliudi iy 
lurllu'r provid(Ml wii.b a (‘ouHtunt loved dovioo. 

of (,h(^ \va(,(M’ is oariie^d out olociric- 
nll^^ d\vo lu^attM* unity aro providod. ddicsc 
('outrolh'd hy a two-way ywitedi with a 
(KUitraJ '' olT poHi(,ioii, tlu*! connoutiony hoinj^ 
iuad(' HO I, hair (rho two unity am arrranijfod in 
pa.ra.ll('I or in Horie^y, fn tho liryt j)()yition the 
iroinpeu’aliuro of tlu^ wahu’ iy i'ai)idly raiyeal to 
tlici hoiliilg-point, whilo in tho yooond oryorica 
poyition tho amount of omu'^^y yn])pliod is 
HuHioiont to kea^p tiho wateu’ juyt boiling so 
that th(') hatli iy niaintaiiUHl full of atoain for 
any hntgth of time'.. 

Itoth type^y of hafrliy aro providod with 
vvateu* gaugoH to givo iudioation of tho excoay 


immidod uififi 
6 fw/u't Jur Thontmmoteni 
\ 



lilacirlo 

Huatara’ 


|)r<^HHtn’('i of tho Htoani ahovo that of tho 
atlnoHph(^^^ 

'Tlu^ tluM’iuomotor iy oxpoHod to tho ytoam 
until tlm HMiding rtunainy oonytant. Tliiy will 
tako Hovtu*al niinutoy in inoyt oaiHoy, oi’ ovon ay 
long a,H all hour, owing to tho ethango of zeu’o 
nvuiliing from tlu^ Inviting of l.ln^ thorinomotor. 
Prior lio tln^ nviding luring tarkon it is dosirahlo 
that tln^ thormonndrew itnnuM'Hod to ahovo 
lh<^ (vnl of tln^ nnn'emry c.olunui, iho inytrumont 
h(tmg ylightly ruiiyeyl for purixmevs of reading 
HO tluiir tlio in<u'(Miry oolunin jy jimt viaihlo 
ahove^ (rho <vnl of tho liuln^ 

At* tho yamo tinn^ that iho thonnomoUM* 
IH road an ohyeu’vation of tIuY l>aroin(drrio 
Insight iy mach^ ; ( In^ hiironioteM’ revnling is 
(‘orn'otevl for t(unp(u‘aliur(\ la,titud<\ and Indght 
Uihove* Hevi lovol a,H dojilt with in tlio artiolo 
on BaromoloryP’ ‘ Tim toinporattiro of 
(ht^ hoiling-poinli of water a,i. a partioular 
baroinotriei prewni’o iy ehu'ivod from tho 
1 Soo Vol. Ilh 


tables calculated hy Broch^ from Begnault’s 
rcyiilts given in Table I. 

(vi.) Fvndamental Interval Correction. — To 
obtain tho fundamental interval correction 
to a thermometer tho upper fixed point is 
doterniinod as described in the preceding 
section and is followed by an immediate 
determination of tho zero point. The differ- 
eneo of these two readings for a perfect 
thermometer would be 100 divisions, but in 
practice a value differing slightly from this 
will be obtained. Let this be reiYresented by 
(100 + 5) scale divisions. Then each scale 
division of the thermometer will correspond 
to (100 + 5)/100 degrees, and the number of 
degrees corresponding to 6 divisions will be 
(]00 + 5)^?/100, i.e. 5+5. ^/lOO; hence the 
correction for fundamental interval to he 
applied to a reading 6 is 5.5/100 (5 may of 
course be negative). The correction is applied 
after tho reading has been corrected for errors 
of calibration and pressure. 

§ (4) Primary Standards. — To secure uni- 
formity in tho practical measurement of 
(lomporaturo in difi'erent countries the Inter- 
national Bureau of Weights and Measures 
at SovroB carries out the determination of the 
C()rre(‘.ti()ns to mercury thermometers intended 
to serve as fundamental temperature standards 
over tho range 0° to 100? C. These instru- 
monts are constructed by Baudin of Paris 
(formerly Tonnelot), and aro made of *‘verre 
dur.” 'rho scale 0° to 100° C. is generally 
eovorod by two instruments ranging from 0° 
to 50° C. and 50° to 100° Cl The tubes are 
carefully chosen for uniformity of cross-section, 
aiKl are divided to 0-1°; the division lines are 
very fine and can only be road with the aid 
of a tolcHCopo. Tho tubes are not provided 
with onamol bac;ks, so that readings may be 
taken from behind as well as in front to avoid 
errors of parallax. 

With such instruments readings may be 
taken to 0-005° or 0-002° by estimation, and 
after tho a}>propriato ‘corrections aro applied 
to tho mean of a scries of readings on very 
slowly liwing temperatures agreement between 
yoveral tliormomctcrs is obtained to an accur- 
acy of 0*002°, or in some cases to 0-001°. 

To give a clear idea of tho method of applying 
tho coi.T<‘ctiony tho following example of an 
aidual HoricH of readings with a pair of Baudin 
thermomoters is given. The zero readings 
aro made immediately after the observations, 
and the various corrections arc obtained from 
tho tables sent out by tho International Bureau 
for the therm oinetors in question. 

^Ihvo thermo motors, No. 10377 and No. 
l():i7B, of range 0° to 50° C. and divided to 
()-l° 0., wore immorsod in a bath of water 
(hoc § (11)), the tomi)oraturo of which was 
very slowly rising, and tho readings noted in 
® Ikoch, Trav, et 1881, i. 
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Tenths of a MlUliuetre . 





0 . 

1 . 

2 . 

3 . 

4 . 

5 . 

6 . 

7 . 

8 . 

9 . 


735 

99 -070 

•073 

•077 

•081 

•085 

•088 

•092 

■ 09(5 

dOO 

•104 

735 

•107 

•111 

■ 1 J 5 

•119 

■122 

•126 

•130 

■134 

•137 

•141 

737 

•145 

•149 

•153 

•156 

■ 1(50 

• 1(54 

• 1(58 

•171 

•175 

•179 

738 

•183 

•186 

•190 

■194 

•198 

•201 

•205 

•209 

•213 

• 21(1 

730 

•220 

•224 

■228 

•232 

•235 

•230 

•243 

•247 

* 2 r 5 () 

•254 

740 

•258 

•202 

•265 

• 2()9 

•273 

•277 

•280 

•284 

•288 

‘292 

741 

•295 

•209 

•303 

•307 

•310 

•314 

•318 

•322 

•325 

•329 

742 

■333 

•337 

•340 

• 341 - 

•348 

•351 

•355 

■359 

• 3(53 

• 3 ( 5(5 

743 

•370 

•374 

■378 

•381 

•385 

•380 

•393 

•396 

•400 

•404 

744 

•408 

•411 

•415 

■419 

•423 

•426 

■430 

•434 

•437 

•44 1 

745 

•446 

■449 

•452 

•456 

•460 

•464 

• 4(57 

•471 

•475 

•479 

746 

•482 

•486 

•490 

•493 

•497 

•501 

•505 

•508 

•512 

• 51(5 

747 

•519 

•523 

•527 

•531 

•534 

•538 

•542 

•546 

•549 

•553 

748 

-557 

•560 

• 5(54 

•568 

•572 

•575 

•579 

•583 

• 58(5 

•590 

749 

•594 

•598 

•601 

•605 

•600 

•612 

• 61(5 

•620 

■624 

•627 

750 

•631 

•635 

■638 

•042 

•046 

•650 

•653 

•657 

•(561 

•(564 

751 

•668 

•672 

■(576 

•679 

•683 

•687 

•690 

•694 

•698 

• 70 ) 

752 

■705 

•709 

•713 

•716 

•720 

•724 

•727 

•731 

•735 

■738 

753 

•742 

•746 

•750 

•753 

•757 

•761 

• 7(54 

• 7(58 

•772 

■ 77 /) 

754 

•779 

•783 

■787 

•790 

•794 

•798 

•801 

•805 

•809 

•812 

755 

•810 

•820 

•823 

•827 

•831 

•834 

•838 

•842 

•846 

•849 

756 

•853 

•867 

• 8(50 

•864 

•868 

•871 

•875 

•879 

•882 

•8815 

757 

•890 

•893 

•897 

•901 

•004 

•908 

■912 

• 91(5 

•919 

•923 

758 

•927 

•930 

•934 

•938 

•941 

•945 

•949 

•952 

• 95(5 

•960 

759 

•963 

•967 

•971 

•974 

•978 

•982 

•985 

•989 

•993 

•996 

760 

100-000 

•004 

•007 

•Oil 

•015 

•018 

•022 

• 02(5 

•029 

•033 

761 

•037 

•040 

•044 

•048 

•051 

•055 

•059 

•062 

• 0 ( 5(5 

•070 

762 

•073 

•077 

■081 

•084 

•088 

•092 

■005 

•099 

•103 

•106 

763 

•no 

•114 

•117 

•121 

•125 

•128 

‘132 

•136 

•139 

•143 

764 

•147 

•150 

•154 

•157 

•161 

•165 

• 1(58 

•172 

•176 

■179 

765 

•183 

•187 

•190 

•194 

•198 

•201 

•205 

•209 

•212 

•216 

766 

•219 

•223 

•227 

•230 

•234 

•238 

•241 

•245 

•249 

•252 

767 

• 25 G 

•260 

•263 

■267 

•270 

•274 

•278 

•281 

•285 

•289 

768 

•292 

• 29(5 

•300 

•303 

■307 

• 31 1 

•314 

•318 

•321 

•325 

769 

•329 

•332 

•336 

•340 

•343 

•347 

•350 

• 3.54 

■358 

• 3(51 

770 

• 3 G 5 

•369 

■372 

•376 

•379 

•383 

■387 

•390 

•391 

•398 

771 

•401 

•405 

•409 

•412 

• 41(5 

•419 

■423 

•427 

•130 

•434 

772 

•437 

•441 

•445 

•448 

•452 

•456 

•459 

• 4(53 

• 46(5 

•470 

773 

•474 

•477 

•481 

•485 

•488 

•492 

•495 

*499 

•503 

• 50(5 

774 

•510 

•513 

•517 

•521 

•524 

•528 

•532 

•535 

•539 

•542 

775 

■546 

•550 

■553 

•557 

• 5(50 

• 5(54 

• 5(58 

•571 

•575 

•578 

776 

•582 

•586 

•589 

•593 

■596 

• -(lOO 

•(504 

•607 

•(511 

4514 

777 

•618 

•(522 

•025 

•620 

•632 

• 63(5 

•640 

•1543 

•647 

•650 

778 

•654 

■(558 

•(561 

•( 5(>5 

•668 

•672 

•( 57(5 

•679 

•683 

•680 

770 

•690 

•(594 

•(597 

•701 

•704 

•708 

•712 

•715 

•719 

*722 


Table II. were ubtaiiiod to the noaroBt O-OOn®* 
by o«timati(ja. The itintrumonis wero ini- 
inorsocl ho that the colutiiua were jnHt visible 
above the top of the bath; tlio depths of 
immorHioti to the oontfcs of the bulbs being 
i27-0 and 27-8 cm. respootivciy. The order in 
which the readings wore taken is indicated 


by tlie letters (o,), (b), (he., art(M' iva<liiigs. 
Tiiis is in aeeordancHi with tlu^ pro<-<^durt^ 
described in 4? (U). 

In aeeordaiK^o with tlu^ Htanda.r(l proe<Hlur(^ 
of tluj International Bureau tins /<(U'o (iornus 
tious given in the above table w<u’<^ obl.uhu^d 
by making obsorvatious of the fiww/mg-point 
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'Paui.h II 


'riK'rmotiK'b'f No, . 

1();{77 

10378 

Ib'adingH .... 

ao-:ir)() {a) 

30 -300 {{>) 


•:15() (d) 

•300 (o) 


•350 (e) 

-305 (/) 


■355 (/i) 

•370 0/) 

M(‘ans 

30-351 

30-304 

( 'alibraliion (uaroction , 

-0-024 

■ 0-038 

Inb'rnal pressure . 

1 0-044 

■1 0-041 

FxU'riial jirc'sHuri^ * 

0-002 

-0-002 

KundanuHiial interval . 

1 0-002 

4-0-002 

Z('ro correction (sec 
Ix'low) 

*-0-009 

-0-000 

( 'orr('cied reuiding . 

30-272 

30-271 

M('aii n'adiiig . 

30 

'•272 

< brrccliion to liydrogtni 
seaU^ 

-0-102 

c\)rr(Hdi('d lemix'ratun'i. 

30-170 


■** i)r(iHHur(^- -biirotiu'.iric pnwiro (752 

tuiu,) 1 27 ’H (uu. of \vii(i{‘r. 


of \va.i(ir ininKMliadic^ly ilui roadingH at 
wmv obUiiiKHl. d'ablo III. given the recorded 
(»bM('rvaitiionH adid Madr redueriou, ddio read- 
ingH obtained uning a telt^HCope with 

inien)iu(di(u* (\ye|)ieeo and two HottiiigH were 
mad(^ hi eacdi eane. 


Tahi-ii] III 


'riuu'incnu'ler No. , 

I(i377 

1(5378 

Si'tliing .... 

kO 

{!>) 

{a) 

(0 

Micronu'licr nniding 
on the ()•() division 

30*0 

20*5 

1-0 

2-1 

Micronuder reading 
on column 

70-0 

70-0 

41-0 

42-0 

Micrometer n-ading 
on O-l division . 

7(5-0 

75-0 

48 1 

47*0 


<10*0 

4 1 *4 

30-7 

30-0 


4(5-0 

4(5-4 

4(5-1 

45-8 

Corn^Hponding r<Nid- 
ing of e.olumn 

0-()80 

O-OHO 

()-0B(5 

0-088 

Mt'ans .... 

■1 04)80 

•1 0-087 

( falibralion cornna 
(ion .... 

O-OOO 

O-OOO 

lnl<'rnal puwsurc 

cori'i'c.tion 

1 0-()l() 

1 O-OOO 

l<l\t('rual [)r('HHurc 

(Mirn^dioti 

O-OOO 

O-OOO 

Fundam<'tital inb-r- 
vnl (s>ri’(Mdiou 

0 ■()()() 

O-OOO 

M('aii zero r(^ading . 

■1 0*000 

■1 ()-00() 


§ (r>) (loiUtbdTION TO TIIM (Uh SOAIiW OF 
dbiiMlMiDUTijitw.— The of gas thenuo- 


aiotry and the relationships of the hydrogen 
and absolute scales of temperature are dealt 
wilb elsewhere,^ so that in this section it is 
only necessary to deal with the connection 
between the indication of a mercury thermo- 
meter and the gas sc^ale. 

At the Fifth Conference of Weights and 
Measures, lield at Pai’is in 1013, it was agreed 
that the centigrade thermodynamic scale 
should be aclo])ted as the fundamental scale 
of tem[)eraturo. For the jn-actical realisation 
of this 8(ialo it was further agri^cd that over 
the range 0° to 100" C. the scuile of the constant- 
volume hydi’ogcn thermometer coincides with 
the tlKwmodynamic scale to the accuracy 
attained by precision mercury tliormometcrs, 
and that outside this range ])ctwccn the 
freezing - })oint of morenry and the boiling- 
point of siil])bur the tlierniodynamic scale is 
nudisod by means of the platinum thermometer 
under si)Oci(ied conditions ^ to a sullficionlly 
high order of accuracy for practical purposes. 

in order to investigate the relationship be- 
tweim the rmuliugs of a mercury thermometer 
and the cori’ospouding tenpmratiirc on the 
gas ainile, eoiishlru* the I'.aHc of a thormometor 
the vohnno of whoso bulb and that portion 
of the stem up to the zero division is Vq 
moasurod at a temperature of 0° C. ; assume 
also that the volume of the capillary between 
successive degrees divisions is also measured 
at 0" C. A knowk^lge of the abaoluto co- 
oltieicuts of (‘ixpansion of lucreury and of the 
glasH of wliieh the thermornotor is c-nnstructed, 
both referred to the gas scale of temperature, 
is also req uire<l. Suppose those are re])rosented 
by b"(T) and /(T) rcsi)oetively, where T is the 
tomperaturo measured on the gas scale, then 
at tom])oraturo T the volume of mercury 
originally filling the bulb at 0° 0. will be 
given by VoF('‘r), while the volume of the bulb 
will have changed from Vo to V'o,f(T). Now 
V(,^XT) will be greater than Vo/(T) as the 
expansion of mercury is greater than that 
of glass, HO that some mercury will ovcrllow 
from the hidh into the stein of the thonnomotor 
and this volume will bo 


VoFr»Wo/(T). 

Assumo the mercuiry overlloAving will fill 0 
degrees of the scale, and, since oa(‘-K division 
originally oceupi(ul a volume ?v the volume 
of inereury ov(’)rfiowing is also given by the 
expression 

o.vjci:). 


hkyiating these two cxpreHsLons gives 


0 


..,.Vo 


'co- 

zen 


' Kcc " Temperature', Ri'aHsation of Alisohiic Weak' 

’» S(U’i “ Resistance Thermometers*' and ‘'Tt'iniiura- 
ture, rructleal Beale of.” 
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The functions E(T) and /(T) may bo expressed 
in the form (I H-c^T + C 2 T^ +C;jT'^ . . .) »<> 
if Wi, . . . and {/a, {/a . . • are 

taken for the constants for mercury and glass 
respectively the above expression reduces to 



^^0 


{ ('^1 ~ 9i)^ + ~ 92 )^^ +■ r/3)T''^ -h . . . } 

{1 + ?iT+72T“ + '73T^+ • 

Vy/vy is dependent solely upon the dimensions 
of the thermometer under consideration, and 
its value is determined by putting 0 and T 
each equal to 100° C. as at this point both 
scales are coincident by definition. Hence 

inn-Yo (^2~17 oJ1002 + 

“ ^0 ' fl + 9^1 • 100 + g^m‘^ + . . 


tious. and from a review of the pul)Iished data 
Sears ^ gives tlu'. formula 

VT-Vyji 

where a — I81-4r)(} x lO' ^ 

(^==:()-0{m()r>x u)-\ 

Y^0.(X)00(K)()08x lO-o, 
5 -= 0 - 0000000()7320 :< 10 “«. 

The expansion of glass is usually ropr('soni('.d 
by a formula of the typo > Vy( I l-f/tT I 
but the miraorical values of the coeni(viouts 
are not known to a high enough order of 
accuracy to give values of 0 in terms of T 
which agree vvcdl with 
those obtained by expori- 
• } ^ mental methods. 


i-e. general form of rc^- 

100(JM;^gfiJ^0+_g2H02+j_._. ) [ ('^^1 - < 7 i)T + (mg - < 72 )T^ + . . . )• lationsliip is, ho\v(n'(M*, in 
^ + ' agreement, for Uk^ full 

expression given abov(^ 


Thus the relationship between the mercury 
and gas scales is given in terms of the co- 
efficients of expansion of mercury and glass. 

A considerable simplification of the above 
formula would result if the expansion of glass 
and mercury w^ere both linear, for in this case 
the value of • • •, g^, 0^^ {74 • • -jOtc., 

would be zero, and the expression given above 
reduces to 

l + .7il00 


or 


^-T={7i 


T(IOO-T) 

l + ^iT* 


The values of d and T are therefore not 
coincident, as might at first bo supposed, 
but are dependent upon the coefficient of 
expansion of glass. Coincidence between the 
mercury and gas scales of temporaturo would 
only be attained if the glass used in the con- 
struction of the thorniomcter did not oxj)and 
or contract with cliango of temperature. In 
this connection it is of interest to note that 
owmg to the much smaller coefficient of 
expansion of fused silica than that of tlui 
usual thci’inometric glasses a thonnometer 
constructed with this mat(u'ial sliould give a 
scale more (dosely aj)proximating to tlio gjis 
, scale than in the case of a glass thormometer. 
This has not received expcirimental vorilication, 
as suliicieutly accurate tliermonu^tors have not 
yet been (loimtj'ue-tod of fused silica. 

Tlio formula 


e 




T(I()() T) 


docs not represent prae-tic^al restilts, as it wjm 
obtained on the assumption that tlu^ (expansion 
of mercury is lim^ar ; this is, of e.oum(s, not 
the case. Various forimdao have been |)n)- 
poaod to roproseut exporiniontal doiormiua- 


may bo written in the form 

6/ -T==T(1()0 - T)(A 1 - BT l-CT^i), 

where A, .B, and C are e.oiistantH (hqxmding 
only on the coolUeients in the ox|)aTisu)n 
formulae for glass and monmry. it will' bo 
noted that (0 -T) vanishes if 0 or T“” 100, 
.since at these points tiio imu'eury auul g«iH 
seal(‘H arc eoineident by chdinition of tlu^ 
res|)octiv(^ scahvs. 

Tlio diffiu'eiKies l)(d.vveen tlu’i imuxtury a.n<l 
the gas Hcai(^ have becui tiu^ Hul)j('e.t of exhauhvl 
resoarelu^M in tlu^ ease of H(W(U'al of tb(^ special 
glasses UH(ul in the c.onsti'iK'tion of nuu'eury 
thermometers. Kxd’erimee may b(^ nnuh^ lo 
the work of (Jhappuis,^ who inveHtigatiHl tlu^ 
case of thermometers eonstruehMl of “ vtu’^'i 
dur,” the Ercmeli hard glass us(hI in 
construction of the primary standards ilis- 
trihuted by th<^ Inhu’national Bureau at 
Bevres. The tests wcu’i^ made by e.om|)ai’iHoii 
of Hcvoral mercury th(U’momet(M'H in a hori- 
zontal water bahh with a, (fonsiant - xatlimu^ 
hydrogen gas thennoimd'C'r. 'I’la^ r<‘Hul(s of 
these tests showitd that tlu^ (lilT(M’(u»c(‘ btdi\V(HUi 
temperatures on a *''■ v(utci dur ” ni(U'(‘ury 
therniorneh'.r and tlu^ hydrogiui gas thiu’iuo- 
meter e.ould bi^ n^prcscud-cd by tlu^ formida 

/7-T:t-^T(lO0--T)(02*20O -O'iKlMOT 

-l-0d)0 128054'^) X 10-« 
or 

77 - T- {7(100 - /7)((U-sr)<) -dht 72577 

I O-OOl 1,5877-') 10 

ov(u- <Jui ra.Mgo 25" lo 100" (t The s<M*ond 
form is moH' tumv<‘iii('nt for application of (iio 
(iorns'tion in f)ra.cticj(l work. d'aJ)ln IV. gives 
the value of (ili(\S('i cornstions ov<‘r tlu^ range 
0" to 100" (!, 

* fS(‘ai‘H. Pw<\ P/utH. inCtM, XX vi. IH). 
()hai)puls, 9'r<a\ H 717<bw., 18HH, vL 
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Tabt.r tv 





- - 










0. 


Vjihies 0 

r 'roiuix-ra 

(ill re (111 M('r<!iiry S(!; 

do - T(‘mi)oraturo on (^as Scale (6 - T). 



0. 

1. 

2. 

5. 

4. 

5. 

0. 

7. 

8. 

9. 

0 

0-000 

0-000 

0-012 

0-018 

0-025 

0-028 

0-035 

0-058 

0-045 

0-047 

10 

0-052 

0-050 

0-000 

0()05 

0-()07 

<)-070 

0-075 

0-070 

0-070 

0-082 

20 

0-085 

0-087 

0-080 

0-00 1 

0-005 

0-005 

0-007 

0-008 

0-100 

0-101 

50 

0-102 

0-105 

()-l(M 

0-105 

O-IOO 

0-H)(> 

0-107 

0-107 

0-107 

0-107 

‘10 

0-107 

0-107 

0-107 

0-107 

0-107 

O-lOO 

0-10(i 

0-105 

0-104 

0-104 

50 

0-105 

0-102 

O-JOl 

O-JOO 

0-000 

0-007 

0-00(5 

0-095 

0-095 

0-002 

00 

0-000 

0-080 

()-()87 

0-085 

0-084 

0-082 

()-()8() 

0-078 

0-070 

0-074 

70 

0-072 

()-()7() 

0-008 

O-OOO 

0-0(>4 

0-002 

0-059 

0-057 

0-055 

0-053 

80 

0-050 

0-048 

0-045 

0-045 

0-041 

0-05B 

0-050 

0-053 

0-051 

0-028 

00 

0-02(1 

0-025 

0-021 

0-017 

0-010 

0-015 

0-010 

0-008 

0-005 

0-003 

100 

0-000 










'riHuMnonH'Tci’H c.onHtnictod of Jena lOni 
aii<l fl(uia noiit glaHHOH have been studied at 
the l^eiehsaiiHtalt by '^rhoiseu, Rehoel, and 
HellJ who eoin pared' tliennomotcrH of those 
p;laH.s(^H with verre dur ” thermometers in 
both the horizontal and vert.ieal ])OHitions ; 
th(‘ir w('r<'i rcidiieed to the hydrogen 

HcaJe by Slun^lr by application oC the formula 
d(a’iv<al from dhiippuis above nJerred to, and 
I<s*ul (^o (.he ('xpin^Hsions 

»haia 1(1”' : 

0 - [V 1 (/( 100' - /;) ((i7‘o;h) ()’-i.7;jr) i o 

H- ()•()() II 577/P) X l0-», 

Jena 50”^ : 

0 ■ - T : 0{ LOO ~ //)(:U‘08l) 0*47a5 1 0 

+ 0-00H577/r«i)xlO“». 

O'abh^ V. hIiovvh for i)urpoHeH of comparison 
the magnitude of the correotions eomputocl 
fi’om tlu^ abovc^ forntulao to “ verre dur,” 
fhuia KMir, and Jena thermometers over 
tlu^ range -J/P to JOO” 0. at intervals of 10". 


TAiiijiii V 



'riMiiii* (111 M(M’(nu'y Hciilo -Toini). on (Iuh Htialo.! 


" Vom- 

.loiui 


.50 

■ ()-5() 

‘0-52 

-0-18 

20 

()-J7 

O-JO 

■ -O-IO 

10 

■0-07 

■-()-()8 

d)-04 

0 

0-00 

()■()() 

()•()() 

10 

0-052 

()-()50 

0-024 

20 

0-085 

0-095 

()-055 

50 

0-l(>2 

()'115 

0-058 

40 

0-107 

0-120 

0-054 

50 

0-105 

o-no 

0-02() 

(U) 

O-OOO 

0-105 

0-01(J 

70 

0-072 

0-085 

()-()()7 

80 

0-()50 

0-058 

O-OOl 

00 

0-020 

0-050 

'()-0()2 

100 

O-OOO 

O-OOO 

O-OOO 


' 'rhclH(‘U, S(’h(‘('I, and K(dh Zeit. fndTumv.ntmk.y 
1805. XV. -ina. 

“ HcIuhO, ll'wt Ann., IHOO, ivUl. 108-170. 


§ (0) TiiiiiKMOMETiuc Glasses.— If the zero 
X^oint of a thermomotci’, as ordinarily deter- 
mined by immersion in x)uro melting ice, is 
taken periodically it will bo noted that varia- 
tions occur. This is equivalent to stating that 
the volume of the bulb is not always the same 
when the temperature of the instrument is 
brought to a deiinito ve.luo. Although referred 
to as the zero change, the variations in the 
iudicjations of the thermometer are manifest 
at any x)oint in the scale, but readings are 
usually taken at the zero owing to the greater 
ease with which observations may bo made 
at this })oint. In the case of high-range 
thermo motors nut divided as low as 0° C. 
the change may bo investigated by observa- 
tions carried out at the boiling-point of water. 
This is somowliat loss satisfactory owing to the 
oorroc.tion which has to bo applied for changes 
in atmospheric pressure. 

The change in zero is dex)endcnt ux)on the 
nature of the glass omj)l(>yod in the construc- 
tion of the thermometer, and many attempts 
have been mad© to introduce sx)ecial glass to 
reduce these changes to a minimum. Before 
dealing with the zero changes in detail, reference 
may bo made to some of the thermometric 
glaHH(iS which have boon in use in recent 
years.® 

(rt) ’Rnglish crystal glass and also “ TCcw ” 
glass, which were in use in this country for 
juany years, wore load- potash gla.s80s which 
contained a siuall pro])<)riion of soda. These 
glasHOH have siiico boon suporseded for accurate 
work by later typos, but load glasses are 
still employed for tlio (‘,bca[)or class of 
thermometers at tlu^ present time, mainly 
owing to their softer nature and good working 
])ro[KU*tieH. 

(()) Verre dur ” is essentially a soda-lime 
glass, and is of espc^eial importance, as it has 
been the subjec.t of much investigation by 
Guillaume and others in conneetion with its 
omxdoymont for the ])rimary mercury standards 
“ 8uo article “ GlaHH," Vol. IV. 
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of the International Bureau to which reforoncc Although of Hocoiiclary iiupoi-iniuu', (^omparod 
has- already heenmade. vvith the afterworking (‘llectH, souu^ ai.t(ni<:iou 

(c) Jena IGni. — In 1883 Schott began must be paid to tlu^ suitability <>1’ t;b(^ glass 
experiments at Jena on the production of to give good division liiu'is by (‘ti(hing with 
glasses for thermometric work, and soon hydrothu^ric acid. Tbo k'lad gla,ss(‘s i\pp('ar 
produced the glass numbered lOm, which was to olToi’ advantages in this n^spenh, so that 
designated “ normal thermometer glass ” ; it English crystal glass is inupnaitly iis(m1 loi* 
is a soda-lime glass contaming zinc oxide and the stern of a thcrmoinehu’ in conjniudiion 
alumina. This glass has had very widespread with the normal glass for' tlu' bulb.- 

use in the construction of thermometers of § (7) ZiiJRO CUianoks oy Ibi KUMoMnn'MRS. - 
ordinary and medium range. Tubes made of For the oxirorirnoiital investigation ol: the 
this glass may be recognised by a thin purple changes which take place') in ihc) zru'o ol a 
line throughout their length. thornioiuotcr any thormoincter may bc^ 

(d) Jena 59iii.~For work at higher tempera- employed, but it is pndci’able to (ionstrind, a 

turcs Schott further developed a harder glass special tliormoinotcr of the partiic.ular glass 
known as Jena 59in, or borosilicate glass, under test, to socui-e a sullicucntly open scale 
the principal ingredients of which are soda, in the neigh boui'hood of the zeu'o to permit 
boric oxide, and alumina. of the changes being accurahdy deU'irinincul. 

(e) More recently developed glasses to which Such a thermometer is itulieatcHl in t>. 
reference may be made include Powell’s normal A range of 5® C. on either side of the lixcul 
glass, which is distinguished by a broad deep point sullicos, and a chaml)er shotild b(^ blown 
blue line running through the tubes, Powell’s between those two x>arts of the scale to avoid 
borosiheate glass, and the Corning normal glass having an unnecessarily long tube. 

which is extensively employed in America. If it is desired to carry out the tests over 



Fig. 5. 


The compositions of the latter glasses are not 
yet available for publication. 

Correlation of the analyses of the glasses 
given in Table VI. with the thermal properties 
dealt with later shows that the joint presence 
of soda and potash has a deleterious effect 
upon the value of the glass from the thermo- 
metric point of view, and this was confirmed 
by Schott ^ in his early work on the subject. 
The borosilicate glasses give the best results 
at high temperatures, while the x)resenco of 
alumina conduces to ease of working and the 
absence of devitrification. 

Table VI 


Approximatb Percentage CtoMPOsrnoN 
OP various Glasses 


Conatitiieut. 

RukUhIi 

Crystal. 

Kew 

Glass. 

" Verro 
dur.” 

.1 011 a 
X5”'. 

.Tona 

no"'. 

SiOo . . 

60 

63 

71 

G7 

72 

K^O . . 

12 

11-5 

0-5 



Na.O . . 

1-5 

0-5 

12 

14 

10 

PbO . 

.‘14: 

34 




B 2 O 3 • . 




2 

11 

CaO 

1-5 


14 

7 

0-6 

AI 2 O 3 

ZnO 

0-5 

0-5 

2 

3 

7 

0 

\ 

MgO 1 

0-5 

0-5 

0-5 

1 


0-5 


Tlio lifj;uroH in the above tabl(^ must only bo r<‘gar(lc(l 
as a])proxiiuatc, ns individual sampU's of filass vary 
considerably ; traces of other oxides arc found on 
analysis. 

^ Winkeliuaim and Scliott, Ann. d. Phus. mid 
Chm., ISOX, li. 097. 


the complete range of possibles uh(^ of a 
mercury - glass th(u*m()ructc‘f, tlio inslrunuMit 
must be designed to withsiaiid (^.Kj)()Hurt^ to a 
tcmx)oraturo of from to 550*’ (t foi' a 

])rolonged period. A chambeu* must e.oUHO- 
quently bo x)rovidod at the uppeu* cud of the 
tube to allow sufUciciit room for the safe 
oxx)ansion of the morciu'y up to thcH(^ 
tomperatures. 

To avoid distillation of n\creury and tlu^ 
splitting uj) of the eoluum at the higluu’ 
temperatures, the tubes must b(^ rntrogim- 
fillod to a pressure of about lb to 20 atmo» 
spliorcw. For iheruiometers wbieh ani definitely 
to 1)0 used only over a lowcn’ range of 
temperature, say up to 100" C., filling with 
nitrogen is less iiecesHary. 

The bulb AH should Ix^ eyliu(li'i<*n.l an<l of 
af)])r()ximat(dy the sjime (lin^imdier as the 
stem, with tbo zero point 1) a.t a distatuM') of 
from 80 to 100 turn, above libe uppta’ (unl H 
of the bulb. 0!'lus lengtfh is of some' iinportanee, 
as if the zero is elose to the bulb it is not 
possible to euHuro that the latter is Hullieiently 
immersed in the lee when taking n^adings ; 
on the other hand, if this distance is much 
exceeded the iustrunieut is found to Ix^ 
inconvenient fi)r use in the oixlinary type of 
ap paratuH eni] )1< >y od. 

The scale must bo chosen so that JO imn. 

^ luvcHtiKatlons of the thorinoiuotiic protx'rtlcs 
of the Joua ^UiHses l(J'" and 59”' arc fully suininar- 
is(xl In “ Jona (UasH ” l)y llovcstadt, of which an 
English tnuiBlation by Everett was publlslxul In 1902. 
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((onv'sponds to approximaUdy 1" (1., and tlio 
j^n’julualioiiiH h1i<>u 1<I (‘xtond about, HO inni. {Le. 
about r)"(!,) on (utluu' uido of tlu', iix(Ml points 
(()" at\d 100" (1.). dduiH (IK n,nd CtK in t,ho 
dia,^U’a,in sbould (Mwh b(^ 100 mm. The tube 
should b(^ ^U'jiduaUsl in millimotri\s. CV)ii- 
Hid(M'a,bl('i (•ai’(’i should Ix'i ex<u‘c,iHed in the 
production of tlu^ divisions, as their suitability 
is ihci controlling factor in. obtaining high 
a(‘.cuivi(!y of reading, tdie graduaiions should 
be line, so as to b(^ suit,al)l(^ for reading with a 
fairly high-power teh^seopc, and each set of 
divisions should be narnlxu'ed from 0 to 10 
at (sicli 10 mm. as induuiied. The freeziug- 
and boiling - point, H will thus be near the 
division 5 oit <sieli scale respectively. It is 
unnec,(^ssa,ry to obtain exaet (uhncidenco, as 
nnd(U' th(^ treatment the tube is intended to 
und(u'go the f)()sition of those points will 
continually c]uiug(^. 

Analysis of the observations will show that 
thn^e types of variation of Z(U’o may oe.eur, and 
tlu'ise will b(^ r(‘lerr(xl to as “Secular (lhanged’ 
“ He’ll )i’eHsion,” “ Aniu'ul MtTects.” 

(i.) AVica/nr ('han<ji\. — If the zero of a 
tluM’ttionu'Ou’ h(^ determined i)(‘,rio(li(‘.ally it 
will l)(^ found that, the iXMvdings ar('. suecossivoly 
higluM’, a,nd tlu^ (dleet is noted even after a 
IXM'iod of many yeiirs. tlouh^ kei)t two thermo- 
nuditU'H und(M* obH(M‘vation tor a period of over 
forty years, atul found that oven at tlie en<l 
of this iitm^ their zeros oontimied to rise, lie 
showed that ilu^ rc^sults (u)uld bo rei)roHonte<l 
by an expression of the form 

t 

wh(U’(^ r/) is th(^ reading of the tliorniometor, 
(, is l,h(^ tim(\ and a, (), and c are eonstants, 
vv'hi(di will of (!om*H(^ d(p(md on tlie nature of 
tile glass (un[)Ioyed. This change of zero does 
not; ri^sidt from variations in the temperatime 
t,o which th(^ thermometiw may be exposed 
b('1 winm olism’vations of i,lu^ ziu’o. The elTeet 
will be found even wbeu the instrument is 
kept continually in melting ice. 

As in tile eaH(^ of tlie tlun’inometer in- 
vestigatixl by Joule it is found that a thermo- 
nuder shows a eom|)arativ(^ly rapid rise of 
7,(u*o wlum lirst made, and that this rise 
(leereasi^s in amount witli course of tinu^. In 
a, gmuu'uf way thiM'inomiders posst'SHing a, small 
Z(U'o (lepr(!Ssion (h(hi next paragrajdi) bavt^ a 
small sixudar c,ha,ng(^. Kor Jena l()*n ghiss 
Allilm ‘ has shown that th(^ sisudar e,hang(^ 
aft(U' tb(^ inil,ial p(u’iod is aliout (M)!" (1. pm* 
yiMir. A similar valium lias riwimtly (hhiu found 
for th(U'rnomeit,erH eonsl,ru(‘t(Ml of Powell's 
uonmd ghiss a,s the result of exiierinumts 
(uu’rii’id out ovm* a period of nearly two years, 
ddn-i cauH<^ of tills rist^ of ziu'o is the gradual 
shrinking of tln^ glass in e.ourse of time, thereby 
y>nLS, Anal. Vhmi., IHht), xxvllh 435. 


reducing the volume of the bulb. Although 
due to another cause, it is interesting in this 
eoniKHdaon to record observations in wliich 
the z(M-o of certain thermometers falls with 
xiso. This cm investigation was found to be 
duo to the slow dissolving avc^ay of the glass 
of the l)ulh, owing to the thermometers being 
om])loyed eoniinuously in a well-stirred water 
bath. As the walls gradually become thinner 
the pressure cliu^ to the mercury in the instru- 
ment enlfirgcs the bulb, thereby causing the 
zero to fall. Similar iiistrumcmts constructed 
at the same time, and of the same glass, but 
not in continuous use, showed the usual rise 
of zero. The magnitude of this fall of zero 
was not sufliciontly constant for its rate to 
bo ace-uratcly determined, but it was c^f the 
order of three or four times the usual secular 
change. 

(ii.) J)epre.ssio7i of Zero after Heating. — If 
the zero of a thermometer bo determined 
immediately after the instrument lias been 
luxit(‘.d it will he found to bo lower than its 
value ^•(‘eorded i>rior to heating. This reduction 
is usually termed the depression of zero, and 
its value de[)ends on the temperature to wliieli 
the thermometer has been ex]) 08 ed. Tor 
comparison it is usual to determine the 
depression after the exposure of the thermo- 
meter to a temperature of 100° Ck for a dolinito 
pc'riod, e.g. thirty minutes. The zero must bo 
taken immediately afUw exposure to the higher 
temperature to scemre ac^cuiraie results, for 
recovery begins to takc^ place almost im- 
mediately, and the original value of the zero 
is aga,in obtained after the lapse of several 
days. To stHuire uniformity in the observa- 
tions the tlu^i'tnomcdcm, afl,er removal from 
the steam bath, is allowed to cool in air until 
the tompciraturo has fallcui to about 50° Ct ; 
the instrument is then immcrscMl fn ice and 
the lowest zero value reached is observed. 
Table VU. sliews the value of the depression 
of zero after exposure to 100° (J., and various 
other tcunporatures for several of the glasses. 


(dass. 


K<nv |j;laHH 
“ Verre <lur ” 
,l(‘na lh"‘ . 
J(^Ma . 

1.N»w<I1’h nor- 
mal (blui^ 
Hl,rip<') 


The value of tlio deiinwsion is not constant 
until after the thermometer has been con- 
strueded for some time. When tlio thermo- 
ittotor is now the value of the dci)ression is 
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smaller than that which will be subsequently 
obtained. The increase in the depression 
becomes smaller and smaller in course of time 
until the permanent value is reached. 

The depression of a thermometer is duo to 
what may be termed a hysteresis effect in 
the expansion and contraction of the glass on 
alternate heating and cooling ; that is to say, 
on cooling the glass after previous heating 
the contraction is less than the expansion, 
the volume of the glass being temporarily 
greater than its original value. 

It may be remarked here that the depression 
for fused silica is negligible. 

With regard to the recovery from depression 
it is found that as a general rule low- depress! on 
values are associated vnth quick recovery. 
Thus Jena 16ni glass recovers in two or three 
days, while Enghsh crystal glass requires from 
ten to fourteen days. 

(iii) Anneal Effects . — The first time a thermo- 
meter is heated after construction it will bo 
found that a considerable rise of zero takes 
place. This is due to the release of the 
strain which is set up in the glass when it has 
been allowed to cool fairly rapidly after being 
in a plastic state. In a well - constructed 
instrument the change is greatly reduced by 
carefully annealing the instrument before it 
is divided. The process of annealing consists 
in raising the thermometer to a higher tem- 
perature than that at which it is intended to 
be used. The instrument is maintained at 
the temperature for some hours (up to two 
days) and is then allowed to cool slowly and 
uniformly over a long period, preferably some 
days. The anneal is much more effective the 
higher the temperature to which the glass 
can be raised, and the best effects can only be 
attained when the glass is brought to just 
below the' softening point. Maintaining the 
glass at such a temperature for an hour is 
much more effective in removing after effects 
than if it is only taken up to a moderate 
temperature for much longer periods. In a 
liigh-range thermometer which is not satis- 
factorily annealed it is not unusual to obtain 
a rise of 15° to 20° C. on the first occasion 
the instrument is heated. 

§ (S) Types of Liquid -in-glass Thermo- 
meters. — A brief description of each of the 
various types of liquid-in-glass thonnomoters 
will now he given, together with the special 
points to wliich attention must be paid in 
their use. 

(i.) Standard Thermometers. — The highest 
class of standard thermometer has already 
been dealt vdth under the section dealing with 
primary standards, but in addition to these 
the term “standard” is applied to slightly 
less accurate instruments which are employed 
in work of high precision and in the pointing 
and testing of other instruments. Standard 


thermometers resemble primary slijindards in 
that the scale must iuelu(l(^ one at l('aHt of the 
fixed xiohits for use in deiennining fb(^ (^Iningc^ 
of zero which takes place in ibe ciourse of time. 
It is usual for the zero point to bo chosi'n, 
but for liiglicr- range instruments tlu^ boiling- 
])oint is Homotinios emi)loy(‘.cl instesad. ^llie 
range of these thermometers deix^nds on the 
use to wbieh the instrument is to Ix^ put. 
Ordinary standards will e-omprise a ranges of 
0° to 5(i° 0., 50° to 100° (1„ etc., as in tlu^ (‘.ase 
of x>rimary standards ; but for sp(X‘,ial ])urpoHes 
— for exami)lo, the pointing and Lasting of 
clinical thermometers — a muc‘.h more restiicdKMl 
scale suffices. Standard fbcnnometc^rs are 
generally divided to 0T° 0,, or in some easels 
to 0*2° 0., and this to a ceriain exitait 
determines the length of the instrument, siiuu) 
it servos no useful purpose to place (Uvisions 
closer than 0-5 mm. It is proforablo that the 
smallest interval should bo 0-8 to 1 mtti. In 
order that accurate subdivision of the readings 
may be readily effected. A very close division 
of the scale gives rise to what is generally 
known as the palisading effect, in conseci uemui 
of which confusion is caused by the closeness 
of the lines, and the accuracy of the reading 
is thereby reduced. Again, attention must bo 
given to tho fineness of the divisions, sineo it 
becomes impossible to estimate a fracd-ion of 
a division to any degree of aixturacy if thc^ 
thickness of tlio division lino is too large a 
fraction of tho distaiuio betwexm two c.on- 
Hccutivo lines. Tho thickness of the division 
lino should not exceed one-tenth of tho dis- 
taiico between linos. 'I’ho method of use of a 
thermometer must, however, be (‘.onsidiM’od, 
for if the thermometer is to lie nxul with tho 
naked eye a coarser division, is tuKiessary than 
if a telescope is employed. Tho reading of 
mercury column is always CHtimateil from 
centre to centre of tho division linos, and to 
assist in doing this it is useful to t\irn tho 
instrument so that tho mercury column 
appears against tho ends of the division lim^s. 
Those ends should therefore fall upon a line 
parallel to the axis (if the thcrmonudier. In 
the other direction every fifth Une should be 
allowcxl to ])rojeet to mark eiilnu* half-<l(^gree 
or degree inicnwals, whih^ the liguring of tho 
degree lines should be snniitiiuitly fr('(iu<Mit to 
avoid umioe-essary labour in taking r< aiding. 
Thus open -scale thermoineterH divided to 
OT of a degree should Ix^ ligunxl at eiaich di'grecv 
particularly if emiiloyixl with a ti{d(W(X)po in 
which the fitdd of vision is lUHiessarily nol» 
very largo. Loss ojion siudo instruments 
should bo figurixl at ov(wy live (h^gnx^s. dh(^ 
length of the division line also (uint.ributt^s tio 
tho ease with which a thermorm^tm* may Ix^ 
read. Tho length of the smalkwt division liiu'i 
should bo one to one and a half timers th(^ dis- 
tance between tho linos. Fig. G shows a scale 
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\vlii(ih HUitiHlH'H (MUiditioiiH. Hie bulb of 

a Hluiiidai’d t.Iu^rniornoier im almost. liivariaJily 
i‘yHndi’i<ial, a,ud sliould be of dlanuder not. 
ji:r(‘aler t luoi sicnn. Inba'mdly ilu^ jmiei.ioii 
of tih<' bulb (lO the stiiun should bt'i 
gradual In ord(>r iluit. tio shoulder 
may olTer lodguuuil. for bubbles of 
n'sidual gas ; (^KteruaJly tluM*e should 
be no a.bru|)l. elninge of diam(‘,ier. 
Ah alr(Muly point, ('d out, the bulb of 
the standard tlnn’inometier must be 
of glass (diosen for its thermometrie, 
propertioH. '".Idle st.(mi of the ther- 
monud.or ikhmI not be made of 
t.ln^ same glass, hess jierfeet thor- 
monud.rie propertu'S will have a 
(dh'c.t on tlu'i indications of the 
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instrunumt as the (piantity of mercury con- 
tained in the stem is small compared with 
that in the bulb, glass used in the stem 

should bc^ of suc.h a va,riety that tine and clear 
divisions may bet eie.lusl upon it. Knglisli 
erysta,! glass \va,s at om^ i,ime fretpieiitly 
sp(Hiili(vl for the stems of tlua-mometers as 
this glass was sus(!('ptible of high polish and 
ehsui sharp ('l,('hing. This was (‘speeiaily 
ma.i'k(sl in (umiparison with .I('na, I (ini. The 
mote inodm’n English tlu'rmonu'itric glassivs 
ad’e' Ixdier in this ix'spixd. tluin fliMia Kim, so 
that, the use of thigllsh (uystai glass for stems 
is of relatively less importanee. 

dTe glass (un ployed for the stem of a 
Ht.a,ndard thermometer is gmKU'ally baekisl 
with white (Hiamcl. Tins cannot be used, 
howeviM’, for primary standards, as the lattivr 
ar(^ r(vid from t.lu^ baitk as well as from the 
front of the insti-mmait. ''rh(w> instruments 
aiH^ tJuaxTore made of ek^ar glass, and in 
consixpieneo rixpilre illumination from behind. 

As ab()V(^ pointed out, it is ncci^sHary that 
all Ht,anda,rd tlu^nnoimdiu’s should he jirovidod 
with divisions in tlu^ lUMgbboui'hood of the 
z(M’o for th(^ d(d.(U'mination of zero ehangiw. 
A scale <^xti(mding to 2'' (I on each side of this 
poiidf Hu(lic('H t,o d(d,<n’miiie the scale value of 
the therm omciti(u* in this n^gion. If it is not 
(h^siriul lihat t-he scak^ should extend con- 
tinuously from (,b(^ Z(M'o ujiwards a chamher 
is blown in t1i(^ bori^ to ac-c-oinmodate the 
nua’cury bid.vvcxMi tlu’i zero and t,h<^ lowest part 
of tln^ (lesirtul seakx All Ht.andard thermo- 
m(d,(u's should b(^ provukul with a eJiamher at 
tln^ upper (uul of the stem to pinunit of the 
hmpxv'atun^ being raisi'cl above the highest 
)X)int of tln^ H(ui,k^. dTis is tuH’-essary in tlie 
ofKu’jit.ion of anmxiling tluwmometm’s, and is 
also a us(vFnl safeguanl against breakage of 
the tlu^rmom(^te^ shoidd t.he instrument be 
h(xit(Ml acuudenbdly to a tcnupcratiiro higher 
tilnm thuft to whi(‘h it is divided. For liigh- 
rang<^ instrunuxits the chamlxu’ should bo of 
such a size i.liat the thermomotcu,‘ may be 
heated to 550” (X without risk of fracture. 


Tdie oorrecitions to standard thermometers 
are clcTcrmiiuHl liy comjiarison with ])rimary 
standards. 'J'he corrections so determined will 
change with suhscxpient changes of zero of 
the thcrmonu'tcr, and it Is conseipiently useful 
1.0 tahulato the eorroctions at various points 
of the Hc-ale on the assumjition that there is 
noc'iTorat the zero point of the thonnoinotcr; 
that is to say, thci corrections arc reduced by 
an amount eipial to the correction at the 
zero point before the values are tabulated. 
’’.Idle triu’i correction for any point at a subso- 
cpient time is then given by adding (alg(d)raie- 
ally) the new cori’oetion at the zeu’o point to 
the tabulated value. 

Jn the construction of standard thermo- 
meters the ca])illary tubes used should bo of 
uniform cross - si'ction, care being especially 
taken that there are no abrupt changes. It is 
preferable to employ a tube in which the boro 
tapers i-cgularly rather than one in which 
irrc^gular changes of smaller extent occur. 
'!rh(^ mercury employed must be clean anrl 
dry, and particular c.arci must ho taken when 
blowing the bulb that no moisture is intro- 
duced. nVacx^s of moisture lead to contamina- 
tion of the nuu'cury surface, with the result 
that a sharp menisciiH will not bo obtained, 
or in bad eases a trail of merexiry will bo loft in 
tlu^ l)()re as the column falls. 

(ii. ) // ? (jh. - rmifje Therm o meter a. — For higli- 
range thermometers of the highest accuracy 
the precautions and remarks under the heading 
of “Standard Thermomehu’s ’’ i^pply, and in 
addition several otluu* eonsidorations have to 
bo taken into ai'.Ciount. 'I'ho boiling-point of 
mercury is about 35(1” 0. at atmospheric 
pressure, and is lower than this at lower 
jiresHiires; (umsequcntly, if a nu^rcury thermo- 
meter is (‘.onstructed in the ortlinary way, 
with the space above the mercury fi’cc from 
gas, it will not be possible to use the instru- 
ment at t(mii)eratur(^H aliovo 250” CJ., owing 
to the sjiiitting up of the column duo to the 
mercury boiling. In fact, at temporaturos 
above 150” (1., trouble is caused by distillation 
of moreury from the to]) of the column and 
its subHcqucnt depoHition in the cooler parts 
of ilui tube. This is s])ocially noticed when 
the thermo, motor is used with the whole of 
the column immersed in the medium whoso 
tcTHperature is being measured. Thc^ difficulty 
is ovenuimo by lilliug the space above the 
meixniry with a gas at such a pressure that 
the hoUing-]K>int of mercury is raised to a 
tcnifioraturo higher thau that which it is 
(k^sired to measure. The gas generally em- 
ployed for this pur])OH0 is nitrogen. The use 
of air is uudosirablo, owing to the slow oxida- 
tion of the mercury which takes place. Carbon 
dioxide may also l)o employed. The ])rosenco 
of moisture must be guarded against. The 
pressure of the nitrogen required in a thermo- 
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meter intended to read up to 450'^ 0. is 15 
atmospheres, and two methods arc availiihlo 
{or eonstnieting such instnimoiits. In tlie 
hrst, the thermometer is sealed oil' with the 
s])ace above the mercury filled with nitrogen 
at atmosjdioric pressure, the dimensious of tlio 
chamber at the upper end of tlie boro having 
previously been adjusted so that the desireil 
pressure of the gas is obtained by compression 
as the mercury rises in the horo (jf the thermo- 
meter. To attain a pressure of 15 atmospheres 
with an initial pressure of 1 atmos[)here it 
will thus bo scon that a comparatively small 
chamber is rc(][uired. The second method 
involves the use of a much larger chamber, 
which is initially tilled with gas at the maxi- 
mum pressure required. A dilHculty at oiKio 
arises in sealing off such thermometers. This 
is generally done by attaching a short longtli 
of capillary tube to the instru- 
ment above the chamber and 
inserting in this tube a small 
particle of shellac or fusible inotal. 
The instrument is connected to 
a supply of nitrogen under press- 
ure through the capillary tube. 
When the instrument has boon 
filled with gas the portion of the 
tube holding the shellac or fusible 
^Trap metal is warmed, so that the 
material melts. On cooling it 
again solidihes, forming a tem- 
porary seal, enabling the thormo- 
motcr to bo disconnected from 
the gas-supply and to bo j)roperly 
.Bare sealed off at a few centirnotros 
above the temporary seal. The 
presence of the shellac or fusible 
Fia. 7, metal has no subsequent effect 
on the action of the instrument. 
It is usual, however, to insert a partition 
across the chamber, as shown in the accom- 
panying diagram {Ficj. 7), to x^i’ovont the 
sealing material coming in contact with the 
mercury or the bore of the tube. Another 
method which is employed is to seal off the 
thermometer electrically inside a space iilled 
with gas at the desired pressure. 

The first of these two types of construction 
is less desirable for throe reasons : firstly, 
although the volume of the chamber may 
be designed so that the required gas pressure 
mny he obtained for the highest tomx)ora- 
tures to which the thermometer is subjcctod, 
the amount of (tompression may not bo su(H- 
cient at iniertuediate jxiints ; H(X!OU(lly,' the 
internal pi’cssui’ci on the I)tilh varies from 
atmospheric to the maximum value in the 
first method of cionstruction, tlnwohy (‘banging 
tluj Hc.alo vahu'H in difTcront pjirts of tlio tube ; 
thii'dfy, if thermonuber bo heatcHl sliglitly 
ahovc^ th(^ maximum tomj)oratur(^ for which 
it is dcsigncid a dangerous increase of x)ressuro 



may result. Aft<mfiion must a.Iso Ix' paid fo 
tlm shapes a, ml tliicdviu'ss of iJx^ bulb in lh<^ 
eoiistruction of lngh-i‘ang(^ tlu'i’inoimdcrM (o 
enable tluMU to sIuihI f.ln^ Iiigb pn'ssuivs 
Involv<xf. Sliould nun’cuiy b(‘ st'panUed I’l’orn 
the main eolumii by (lisfillatbm i(» can Ix^ 
joiimd up by warming tlu^ insfruaumt (o a 
touifKM'aturc! ahov(' thoi i’(‘gion in wbitb the 
more.ury has Ikhui (b'posifed. On slowly 
e(X)liag the instrument the ix)lumn will Ix^ 
found f.o bo rojoiiuxl. 

Ill using a gas-lilUnl thermonudior it o(uui- 
sionafly bappeus that the aua’oury eolumii 
Iwoomes broken by a bulibb^ of gas. If fbe 
bubble cannot Ix^ nauovcxl by e.andully 
ta})ping tlu’) instrunu'nt it Ixxionu^s mx‘.(^ssary 
to eool down tlu^ tlnaanometer so that all 
the mereury is ('.outaimxl in f.lu^ bulb. Tdns 
may l)o done by mo'aus of solid or li(iuid 
carbon (Uoxi(l(\ care Ixdng lakcai (o eool (h(^ 
instrument slowly at lirsti. Tb(^ instnimenl. 
is then slowly vvanmxl up again, wluai Mu^ 
gas will be drivem in front of the rising e.oinmn. 
It may bo noted that a mercuny tliermonu'tiM’ 
may be cooled, without risk of fnvcturc’i to 
the bulb, in solid carbon dioxidi^ to a Umqx'ra- 
ture below the frewung - point of ima’miry^ 
owing to the fact that mereury cfoutraets on 
solidilmation. 

For the <x)iiHtriiction of liigli-rango thermo- 
motors a suitable glass must Ix^ eliosim. '^ITie 
glass must show no signs of sortiniing at 
t(anporatur(\s up to 500'’ (t, a.nd, farfiier, musfi 
bo of Hatisfa(‘.i(»ry tlua'inonadrie prop(M*lieH. 
Tho type of glass (unploycxl is a luu'd horo- 
silicsato glass of whie.h thaia 5001 aiTords a 
satisfactory exampk^. lh)r work up to dnO'' (1. 
it is usual to eonstruet tlu^ l)ulb and Ht<Mn of 
tho same material. If dema, 59^ Ix^ ustnl 
an enamel baeldng cannot Ix^ employcxl, ami 
in its x)laco it is customary to grind tlu^ Ixick 
of tho tliermomcter in ordtu’ to make tlu^ 
divisions more easily visible. With glass of 
Englisli manufacture (PowidTs horosilituite 
glass) it has bocni found ix)SHibl(^ to employ 
an enamel hacking for use up to f.liis fciiqxM’a- 
turo, and the resulting insi.rnuKaifs a.i’(' (xm- 
scqucutly (xisic'r to nxid. Tlit^ black pigtn<mt 
rubbed into tho divisions should be burnt in 
to secure a pcrmaiumt eficc.t. All bigh-rang(^ 
thennometers must Ix^ thoroughly aniuxihxl 
before being pointed, as tlu^ change in zero 
may easily amount to 29" or dO" with some 
instruments. 

(iii.) (Chemical Tkermoindvr^, • b'or eon- 
veniencxb in (duuaieal woi‘k fhermonudei’s ;mv 
fro<puMitly t>uul(!i in S(ds <d‘ H(n'('n insi runu'ii (m 
to (!OV(‘r tlie ran'.u^ from (I" to l.'iO " (t iSueli 
instriimmitM a.r<^ ofl.i'ii IcriiK'd Anscbul/- ’’ 
tlHU*im)m<'t(U‘H. dluy <*n'e p,(uicrally providixl 
witli small bulfis, and liav(' flu' /x'l’o peinli (or 
Honu'tinu'H a short range in Mu' lu'ighbonrluxxl 
of 15" 0.) on each instrumeufu These instru- 



THERMOMETRY 


1005 


iu(‘.nlH n.r(' pjiriicmlarly UHofiil in the deter- 
mination of the melting- and boiliug-])oiriiH 
of oi\iJ!;a.ni(*. Hidnstiuauu^i:;. Ainon^^ the numerouM 
ins( i‘umeni.H of nixaual ranges maybe ineiitiomal 
Mk^ IxMizol ami f.oliiol thermomeiorH, wliie.h 
(u)rn|)i'is(^ a sbort scale in the neighl)ourh(K)d 
of ilu^ boiling-points of these Hubstances, and 
whu'b an^ list'd in controlling the fractional 
distillaiitm of tJu'se litpiids. Tlicse instruments 
art^gtmtn’ally employed partially immersed, and 
th(^ tabhvs of c.orrtxhaons supplied for use with 
tht^so ifu'i’niometers should in tumsequonco bo 
deterniint'd for this special eonditiond 

Jn industrial operations the use of very 
long tlKM’monu'tcirs is occasionally met with. 
',rh(\M(^ thermometers may have the scale 
stuirting at a point some IPO to 150 cm. 
fi’om the bulb. .In the c.ase of sucfi instruments 
care musti be taken tliat delinito conditions of 
immersion art^ adhered to ; otherwise consider- 
abl<^ (UTors may result, owing to tlu^ relatively 
largi' amount of nu'rc.ury contained in the 
capillary stem. ri'dueo errors arising from 
this souri'.i^ it is cusi.omary for some thermo- 
nudiiu'-makers to ('inploy a (imu*-bor{\ c.apillary 
for lihe undividi'd portion of the stem than is 
usimI for the graduated pa.rt. This type of 
thei'inometei’ is also fri'ipu'iitty (mclosc'id in a 
nudnt slu'ath, and the use of such a sheaiti 
musti b('i takmi into aciamidi when comparing 
the uumountiMl tlHuunometcu' with standards. 
d?he enclosure of a thermometer in a metal 
slunUib. is in inany instances (Mpuvalent to 
using the instrument under conditions of full 
irnmm'sion, owing to the high conductivity 
of tlu^ midial. On the other hand, the employ- 
ment of a metal sheath tends to make a 
thermometer move sluggishly in roR])onding 
to ehangi^H of temperature, owing to the 
increased luuit eapaeity of the instrument. 

Otlu'r types of ehemieal thermometer do 
not (‘.all for special consideration. The remarks 
giv(m above in e.onnec.tion with standard 
tliermoimdxwH apjily, having regard to the lower 
accuracy with whie]i ordinary eliemieal tliermo- 
mei.cu’H need to Ix^ nxul. 

(iv.)/)/e/lecrn/fy/rn///Va''r/;/o;/?r,^m‘.“--Tnmete(>r- 
ologicxd work a, numlx'r of spc'eial types of 
tluu'inomelcr are (uni)Ioytul, and the main 
fc'aiiiuvs and eonsfiriietion of these are dealt 
with in the following f)aragra]>h. The accur- 
acy with which hunjxu’atunvs are reejuired 
doc^s not in general exe.caxl 0T“, and the 
ra,ng('i of the thcuanonudicws Is lirnitcHl to those 
tmnpcM’atiircH which oex’-ur in natural plu'.no- 
mena. Tlio temperature of the air at atiy 
time? may b(? d(?termined by observation of 
th(? Heading of an ordinary type of ehemieal 
th(U‘moim?ter ranging from nhout -“tiO" R to 
150" K. Such a thermometer, dividcHl to 
whole or half dc?giwH, can benvid by estimation 
to O'l" h\ hor meteorological purjKmes, how- 
^ Hee “ hmergc'ut SliCiu (lorrectlou,*' § (0). 


ever, the value of the air temperatures at 
any definite time is lUit so important as the 
knowledge of the fluctuations which take 
place over a "[loriod, and honeo various typos 
of maximum and minimum thermometer 
have been developed for recording the liighcst 
and loudest temjicratures attained during a 
given })eri()d. 

(a) J\J(uri)nu))h thennomciers are of the 
mercury typo, and are ])rovi(lc(l with a dovieo 
which allows the mercury to ihse in the stem 
when the instrument is subjected to an 
increasing tcmjieraturo, but w'hich prevents 
the moreiiry falling again when the tempera- 
ture is lowe.rod. Three devices to accomplish 
this end may ho incntioncd. In the iirst the 
stem of the tliormo nutter is hent at a short 
distance above the bulb, and a small [lioco 
of glass is hxod in the c‘.a})illary at this bend. 
Ah the mercury in the bulb ox])ands the 
pressure enables it to pass the obstruction, 
whic'.h does not completely fill the boro of the 
tube ; but on again contracting there is not 
sullic.ient ])ressure behind the mercury column 
to force it ])ast the obstacle, consccpiently 
the column is broken at this iioint and a 
thread of moreury is left in the bore of the 
tube, of such a length that its farther end 
indicates the highest tenipcraturo to which the 
instrument lias been exposed. Such a thermo- 
meter must, bo iierfoctly free from air, otherwise 
the pressure of this gas will drive the mercury 
hack ]>aHt the obstruction. Furthermore, the 
instrument is used in the horizontal ])osition 
to ])rovcut the weight of the mercury column 
produe.ing the sanro elfoct. Ik) reset the 
instrument for use the thermometer is turned 
into the vortical ])OHition and gently swung 
with the bulb downwards ; the mercairy then 
flows j)ast tlio obstruction and joins on to that 
contained in the bulb and lower part of the 
tube. 

In another typo (^f instrument, knowm as 
the “air -speck” maximum, the mercniry 
column is intorniptod by a small bubble of 
gas ; the short kmgth of morcuiry above this 
bubble acts as an index. On rising tompera- 
ttiroH the index is pushed forward by the air 
driven in front of the expanding column of 
mercury ; but on cooling, the index remains 
at tlm highest position r(?a(!}ied, the space 
Ix^tween the index and the main column 
being occupied by the small amount of air 
originally introduced. This instrument is 
also us('.d in the horizontal position to avoid 
the weight of tlio mercury in the ind(?x forcing 
it back towards the bulb. The instrument is 
reset in the way above (lescrihod. 

A third typo (.)f maximum thermometor is 
similar in its action to the lirst type above 
mentioned; but in this case the column is 
brokem on i, 'eduction of tin? temp('raturo by a 
e(>nstricti( m of the bcjre of the thermomc^tcr. 
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The method of use is similar to that employed 
with the instruments already dealt with. 
« Clinical Thermometers ''{q.v.) form an example 
of this type of maximum thermometer. 

(b) Miniimm Thermometers. — For the deter- 
mination of the lowest temperature spii'it 
thermometers are generally used. Those are 
provided with an index of coloured glass, 
consisting of a length of about 2-3 cm. of 
very thin glass rod, fused at each end to form 
a small knob. This type of thermometer is 
used in a horizontal position, and is set prior 
to taking an observation by tilting the instru- 
ment with the bulb upwards. This allows 
the index to move down the tube until the 
end remote from the bulb of the thermometer 
is in contact with the meniscus of the spirit 
contained in the tube. When the temperature 
falls the alcohol contracts and the light glass 
index is drawn back with the contracting 


liq^uid owing to the tension of its free surface. 
When, however, the liquid expands on rise 
of temperature it flows past the index, leaving 
it in the lowest position occupied. 

Another type of minimum thermometer is 
one containing mercury. It is of somewhat 
more complicated design and works in the 
foUo'wing w^ay. A small side tube is attached 
to the capillary about 1 in. from the bulb. 
This side tube, which is' sealed at its farther 
end, contains a small platinum plug which 
does not entirely fill the bore. The construc- 
tion of the instrument is indicated in the 
accompanying diagram {Fig. 8), in which 0 
represents the platinum plug contained in the 
side tube B attached to the capillary A. 
The instrument is first held with the bulb 
downwards so that the tube B is filled with 
^ mercury ; then, by raising 

B I ^ bulb end of the tube, 

the mercury is allowed to 
flow from B past 
A 


the plug C until 
the surface of the 
S. mercury reaches 

C. If the opera- 
tion is carried out slowly, on further tilting the 
thermometer the mercury wall remain in contact 
wdth the plug C, and the instrument is then 
ready for use when suspended in a horizontal 
position. On cooling the instrument the mer- 
cury Avill contract and fall in the tube A, but 
on subsequent increase of the temperature mer- 
cury will expand into the tube B past the plug 
C, leaving the end of the column of mercury in 
tube A, indicating the lowest temperature to 
which the instrument has been subniittod. 

(c) Gombmed Maximum and Minimum 
Thermometer . — Another type of thormomotor 
is frequently employed which combines both 
purposes. This is known as Six’s self- register- 
ing thermometer. The instrument is not as 
accurate as is generally required for many 
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meteorological [>arp()HCH, but suIVhu'h in other 
cases. The aecom])!Uiying diagram (Ficf. t)) 
illustrates the coiistnietioii of th(^ inHtrunuMii. 
A cai)illary tube bent into a U-t.ube tcu'minaU^s 
in a bulb at each end. IMio capillairy eonta/ms 
mercury, wdiile one of t<ho buliw is c.oinph'tidy 
filled with alcohol and ihe other piiiily filled. 
A glass index is contained in each arm of the 
tube above the niere.ury and Hurrounded by 
alcohol. Attat'.Ucd to 
these glass indices are 
fine iron wires, wiiieh 
servo twm purj)()H('iH : 
firstly, they act as light 
springs which pre^ss 
against the walls of the 
tube and prevent the 
indices falling under 
their own weight ; 
secondly, they server in 
resetting the iast<ru- 
mont, which is done 
by moans of a magnint 
brought tip to the out- 
side of the tube. The 
magnet is lowered when 
opposite the indices, 
and draws them down 
so that their lower ends 
rest on the surface of the moremry in the 
two arms of the U-tube. On c.\poHnre of 
the instrument to an imu’easing tt'inpiM'atnn^ 
the spirit in the bulb A (expands and diMVt'S 
the mercury in the U-tuhe hefore it ; this 
raises index B, wdiile when tlu^ t('mp(>ratui’e 
falls the spirit contracts and pulls t-lu^ in<u*cury 
back, which in turn drives the index 0 up 
the other arm of tlie U-tiiho ; scak^s arc' 
attached to each of those tubers and the 
position of the lower ends of the iudie.es givers 
the maximum and minimum toniix'raturt'S 
respectively to which the instrument has 
boon exposed. It is, of course, obvious that 
tho scale attached to iho tube eoutaining the 
maximum. index will be ligur(Hl u|)wardH, while 
that of tho other arm wall ho figured down- 
wards. In a variety of this tli(n’mom('l'<a*, 
known as the Dinuanion ituu’monudi'r, tliei 
U-tubo is kept in the liorizontaJ posifion for 
reading ; the iron springs a,i,taeh('d lo tlu^ 
indices then h(Ha)me unmMa^ssjiry and <he 
instrument is vonoi by l,il(,ing if inio a posiltou 
a])pr()a(dfing tln^ v(a’tica.l. 

(v.) Farlh Thvrmomvters,-- A sfuadal type 
of therm omotcu’ is sonudiiiK's (anployed in 
deter mi nations of th<^ tern p(a’a, lure of 
soil; tho instrunuail, is altaulual to a {•haln 
and is lowered to the retpunal depth within 
a tulx^ of dianndeii' slightly huger than i<luit 
of tho thermoinetcir, the tube afler ins(M’taon 
t)f tho tluu’nionu'tor Ixnng c.loHe<l by a ca)Vi'r 
from which the cliain is siipportc'd. The 
thcrmotnotcr omploycHl usually <lilT(U’H frotn 
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!Ui ordinary iiiHiirununii in Unit it/ m mado partially filled with mercury (E), access to the 
V(‘i‘y in action ; thiH luodilieation other portion of the tube being stopped by 

(*naf)I(\s tlio tinnperalau'o to bo roa,(l before means of a seal at D; the object of this 
the inslrunuHit has tinn^ to ri'spond to any mercury is to increase the rapidity with which 
(niang('i of tinnperatim'i to wliiidi it may be the thorinometer picks up the surrounding 
(^x|)os(^<l on lH''ing withdrawn from the soil, temperaturo. The details of the modifica- 
M'liilo the slnggiHlini'ss of the thormoinotor tiou aro showm in the small diagram. Fig. 11, 
odors no disadvajitage in picking up the When the instrument is in its normal position 
tiMnj)(‘rat(Uro of die soil, as the latter clianges moi'ciiry Hows })ast the curved portion into or 
at a v<Hy slow rate, Idio sluggiHlmoss may bo out of the enlargement G and the capillary; 
obtaiiUHl ill two ways : (a) the walls of the on inverting the thermometer the column is 
l)ulb an^ ruad(^ of very thick glass (11-4 mm.) broken at the point F, and Hows out of the 
assoeiai/cwl with a lai’gi'i capacity ; (b) a more enlargement O’ into the chamher H at the 
ordinary typo of thermometer is enclosed in upper end of tlio stem, filling this together 
a s(viUh 1 glass tube, the sjiai'.o around the hull) with a portion of the capillary. Now if, after 
biMiig I111(m1 widi jiaradin wax. reversal, the tom])craturc to which the instru- 

(vi.) VVa’. ^ ihu\p-8m 'Fherniometer. — In mont is exposed is increased, mercury will 
(KUMUH)grapbic.al surveys the determination of expand from the bulb and will flow past 
du’< (i(Mnj)<'m.ture of the mini at varying dojiths the bond (k^), but will ho prevented from 
plays an important part in investigations of joining the portion separated off until the 
th(^ tliree.tioii of (uirronts. An early mothdd enlargement 0 has been iilled. The dimensions 
of carrying out suefi an investigation was to of this enlargement aro therefore adjusted so 





Fia. K). 


send down to the ro((nire<l <lei)th a Ham[)ling 
boitl(\ and tiio iomperaiun^ of the \vator 
ihiu’chy Hecunul was takem by an ordinary 
thernioiuoim*. Ifio obvious objection to this 
mif/hod is that thci tem])eraturo of the samjilo 
may change wliili^ the latter is being drawn 
up, especually if the depth from which it is 
talum is eonsidcn-able. To overcome this 
didieulty a special ty])o of tliermomoter known 
as thib “ (l<H^p-sea rtwersing thermometer ” 
has beem evolved. This iiiHtrumeiit consists 
of a tluM'mometer of special design eneloscd in 
a st.out-walliMl glass sheath capable of witb- 
staiiding a pn^ssnre of three or four tons per 
H(piai*('i inch. In ordm* to obtain a reading 
of tJie inst/runumt it is mounted in a speeial 
earrun* or fram(\' by rmnuis of which it may 
he tiirnecl upside^ down when at a depth at 
wliicdi an obsorvatiou of tlu^ tmnperature is 
1 * 0(1 Hired. On being nwmwul the jnere.ury 
e.olnnm is l>rok(m at a mo(liti(!ation in the 
hor(^ and is Uillowinl to flow to the otlmr end 
of th(^ eUipillary tube, where it fills an, enlarge- 
nuMti of tin? hor(^ a.nd a poH/ion of tlie shun, 
^riie scale of the instrunumt is arranged in the 
opposiU' diriMitioii to that of an ordinary 
thennom(d/(n', so that the volume of mercury 
overilowing is n^ul vvhik^ tlui instruimmt is 
still in th(^ invm'ted position. Fig. ,10 shows 
th(^ latest form of the instrunumt : A is the 
S})(Hdiai tlun’inomcd/in* mnployi^d enclosed in the 
sluui.th ; (J, the portion of the slu^atli in, whicdi 
the bulb of the tlnn-monuher is situated, is 
^ urticie on “ Ociianography," Vol. 111. 


that in ju'ac^tice the (Quantity of mercury 
resulting from further lieating of the instru- 
ment will bo insutliciont to fill this space. The 
diagram shows a socoud thormoinotor B en- 
o1os<k1 within the sheath, the hull) of which 
is in clovso proximity to the chamher H; the 
object of this is to onahlo a correction to bo 
mado for any change in volume of the mercury 
wdiich may I’csult owing to the temperature 
at which the instrument is road being different 
from that at which the thermo- 


meter was inverted. This is neces- 
sary as the ,mereury contained in 
the chamber H will cxjiand if its 
temperature j'iscH, and therefore 
the reading on the scale will he 
Jughoi* than that at which it was 
separated oiT. ()u each thermo- 
meter will he found the volume 
of this cdiainher in scuilo divisions, 
while the nature of the glass of 
which the thennomotor is con- 



structed is also noted. Sii])])ose Pm, n. 
the atixiliary tliorniomct.cr shows 
a reading higluw than tliat of the deep-sea 
ilu’irmometer by t, then the reading of the 
de(^[)“Sea thermonietcT is higher than its true 
reading by an amount cciual to t x volume of 
(diamber H x ap[)arout cocHicient of expansion 
of nuwcury in tb(^ glass of wbicdi the thermo- 
meter is oonstru(iio(l. 


(vii.) The Fmtam Thennomaler . — As jircvi- 
ously mentioned, the use of pentane offers 
(ionsidorable advantages in the construction 
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of thermometers for work at low tcm])oratiiros. 
Its chief value lies in tlie fact that pentane 
remains fluid at temperatures as low as that 
of liq^uid air, although in this neighbourhood 
it is somewhat viscous. Care must bo exor- 
cised in cooling down the thernunnotor to 
avoid the liquid sticking to the walls of the 
capillary, especially at very low temperatures. 
Commercial pentane is used in the filling of 
these thermometers. 

In the manufacture of ordinary thermo- 
meters it is usual to point the instruments 
at a series of temperatures determined by 
working standards. To carry this out in the 
case of a pentane thermometer it would bo 
necessary for a supply of liquid air to bo 
available. This is not always possible, but 
an accurate instrument may, however, be 
obtained by making use of previously deter- 
mined values of the coefficient of expansion 
of pentane. Hotho ^ has determined these 
values for technical i^entane, and he points 
out that a low-range thermometer may bo 
calibrated by obtaining the point corresponding 
to - 78*2° C. by the immersion of the thermo- 
meter in a mixture of carbonic acid snow and 
absolute alcohol, the former being in excess. 
The point corresponding to - 100° 0. is then 
obtained by measuring off a length equal to 
one quarter of the distance between 0° C. 
and - 78-2° 0-, and marking this below the 
latter point ; while the position of ^ the - 200° C. 
point is given by marking off below the zero 
point a length 2-23 times the length from 0° C. 
to -78*2° C. The position of the -200° 
point may also be obtained by a weighing 
method, since the volume of the bulb and 
capillary up to the 0° C. division is 4-47 times 
the volume contained between the 0° C. and 
-200° C. divisions. The above method, of 
course, depends upon the tubing chosen being of 
uniform cross-section, and this must be verified 
l^rior to the construction of the instrument. 

(viii.) Calorimetric and Beckmann Thermo^ 
meters . — Tor calorimetric and similar purposes 
a thermometer of short range is required v-'Mch 
may he capable of being road to a high degree 
of accuracy ,• these instruments are conse- 
quently cbvided to hundredths (ff a degree 
centigrade, the length of one degree occupying 
about 50 mm. Using a telescope of low ix)wer 
it is thus possible to read the instrument to 
0-002° or even 0-001° C. Many of those 
instruments have a scale <jf about 10° or 12°. 
In order to overcome uncertainties duo to 
capillary effects such instruments are generally 
l^rovided with a relatively largo bulb so as to 
avoid the use of an unnecessarily fine boro 
in which the ca])iUary effect would bo so 
large as to reduce the accuracy with which 
the readings are taken. Trouble duo to tlio 
sticking of the mercury is greatly reduced by 
^ jZeits, Insinmientenk., 1904, p. 47. 


coniinuously tapping tli<^ tlu'nnouuh(M’ or 
siip[)orting it iu Hue.h ii way that il is Hubj(H'(,(Ml 
contiuiiouHly to jv small amouitt of vibra,tiou ; 
this, of eourH(\ must not’ be so gr('at as to 
iuterforo with the iu'(mra(.(> nauling of 
instrument. TlHUMUomelers of (his type liave 
a large lag, and it is niH'-esHmy te ma.k(' allow- 
ance for this ill some cnHes. lu 
calorimetric work it is also 
sary to allow for tlu^ heat eapaeity 
of the imTUorsed portion of llu^ 
instrument. 

In order to avoid instruniculH 
of unwieldy Unigth it is nee.c^sHajy 
that the range should be shoi’t to 
provide tbe required ojKmuoHs of 
scale, and it freipieutly becamu^s 
desirable to proviile a scutes of siicli 
instruments of different rangi^s. 

The Jieckmami tlua'momoier olrvi- 
atos this, as it employs a devieo 
by moans of which the range may 
bo adjusted as rcHpiiriHl. '!rhe 
scale is generally of a length 
equivalent to 5° (I, and is figured 
from 0 to 5. The device used is 
shown in the accompanying diagram, IH(f, 12, 
in which it will bo soon that a chamber is 
provided at the u])j)or end of the scale ; the 
object of this is to accommodate the poiilou 
of the mercury not required ; and by (^,\[)(lliug 
the excess mercury into the chain Ixu* flu^ zru’o 
of the scale may be arljuskul to eoi'i’i^spond 
to any value desii’cHl ovm* a fairly wuh^ i-ango. 
The value of each sc.ah^ division rliangi^s 
according to the quantity of uuu'euiy (illiiig 
the bull) and stem up to the z(a*o tnar*k, ami 
allowance has to bo made for this. A typical 




sot of c.urves showing the eoi-r'eelloiis to any 
])art of the sr^ale for* (K^linitc valiK'S of tli,e 
zero is given in the ae.e.ornpauying diagram, 
Fiff. 13. in most work for which this typ(* 
of thermometer is used a, knowlerlgc^ of a/iiy 
individual tomfrei'ature t<o ri/ high or*(ler of 
accuracy is not I’c-rpiinvl ; whai, is rivpiir‘(Ml to 
bo known, however’, is the differmuie bidavrum 
two tomperaturoH. Tims, a viny exact <l(‘t>er« 



THERMOMETRY 


1009 


iiiiuaiion of iiho ioinporaturo corrcHpondiiig to 
any piU’i'ioiilar zero HoUiiig is iinncccHHary. ■ 

of i,ho Bcokmauu thcrinomotor 
to Jiny (l(\siro(l range Ls aoe-omplushod by trial 
Tho iuHtniuKuit w wanned ])y immorHion in 
a bath until tho iituu’oury boginn to flow into 
tho u|)i)or t^hambor ; tho iuHtruinont is then 
sharply tappcnl or jorkod, with tho rcKult that 
so I no inonuiry breaks oil from tho main column 
at tlio jmu'tioii of the (^a, pillary and its enlarged 
})ortiou ; tho tornporaturc is then lowered and 
a reading taken with an auxiliary thormo- 
motor wlum tho mercury stands at zero on 
tlu'i scuilo of tho Beickmann instrument. If 
this iornpoi-aturo is higher than desired, it is 
lUHH'Hsary to run the nuu’cury uj) tho tube 
and br(^ak oil still more mercury from tho 
main column. This process is repeated until 
th(^ d(\sii' 0 (l z(n‘o is attained If at any point 
in tho procedure more mercury than necessary 
has b(‘eu removed, tho coliunn is rejoined by 
running tho juercury to the to]) of tho tube 
and inverliing th(i instrumonl-. Tho mercury 
in tln^ expansion chamber will then join on 
to th<^ main column and b(^ drawn back into 
the cn,|)illary as the temperature falls; when 
suOicuMit mercury has Ixhui cari’icd over, tho 
column is again bi'oluui by returning tho 
th(U‘momcii('r (ro its normal position and 
tapping tlu^ instrunumt. In this way it is 
]>osHibl(', after a little oxperieiuic, to adjust 
tho thermometer to any required zero value 
afttu' two or three trials. In some instruments 
if ho (udargod portion of tho capillary which 
servos as an expansion chamber is graduated 
wii/b a. scale of degn^^s in order tliat an estimate 
may be made of tho amount of morcury to 
bo separated oil! ; this scale is, however, so 
contracdiod that it is not of groat value in 
obtaining an aetmrate setting of tho zero. 

Kc^huring to Fi{j. 13, it will ho soon that all 
l/h(^ corr(U!tiou c.urves are brought to a common 
origin, hut that at tlie upper end of tho scale 
i;h(^ curves separabi by aj)proximatoly equal 
amounts for ecpuil dilTereucos in zero sotting. 
Correction curves for any other sotting of 
the ztux) may hc^ drawn by taking j)r()portional 
amoimt'H of the (Ulhu’cneoH hetweon two curves. 

To ohhiiu by (udculation tho value of a division 
of a bochtntmn thonuomi'iiiM’ soalo cor res ponding to 
any givcMi sditliig of the zero a knowledge of tho 
(expansion of mercury and of tlio glass of which the 
lih(M’r>iom(hi<‘r is <u>nHtPucttKl is nccHwary. Asstuno 
dial iqi’) and /(T) r(^pn‘H('nt (he volunios at T° of 
uiiil* volimuw of mercury and glass respectively 
inoasuusl jit ltd Vq l-hc volnmci at 0° 0. 

t)f th(^ hull) of a Ih'c.kmaiui thormometor together 
with that portioii of the capillary up to tho zero 
divisioii of theseahs andv’o the vohune, also inoasimul 
at 0" (!., of a hmglh of capillary corresponding to one 
sealci (livision ; i(i is aHSumed that the capillary is of 
uniform hor<^ a, ml that the divisions of tho scale arc 
e(pndistanli, 

l(st '.V he tho i(unp(W(itaro at which the moroury 


column coincides with the zero of tho scale for a 
partionlar setting of the instrument ; the volume of 
mercury contained in tho bulb will therefore bo 
^o/CT), and this will correspond to an initial volume 
of mercury measured at 0° C. of Vo/(T)/JF(T). 

Now if the temperature be raised to 6 so that the 
scale reading of tho thermometer is Xq divisions, the 
volume of mercury bcconies 


/(T) 

P(T) 




The volume of the bulb has changed to Yq f(B) and 
tho volume of Xg scale divisions is XqVqFO). Hence, 
equating the volume of mercury and that of the 
containing vessel, 


Vo/(T) . F(g) 
B(T) 




and by transposing, 


Vp rF(<9)/(T)__ 1 
Uf(T)/(tf) V' 


This expression gives tho scale reading correspond- 
ing t,() any temperatnro 6 for any setting T of the 
zcM'o, in ti('rms of tli(^ ratio Vq/?’,). 

To evaluate Yo/‘>\) the reading of tho instrument 
must bo known corresponding to any value of B other 
than f?=T. (Mho value 0 corrospouds to the zero 
sotting of tho scale, when Xg={).) 

In tho construction of a Beckmann thermometer 
it is usual to point the scale at tho upper end under 
tho condition of the zero of tho scale corresponding 
to 0® C)., i.c. T=*0, HO that for tho usual typo of 
instrument tho division 5 will correspond to 5° C. 
Ilonoo Vq/vq for this particular case will bo given by 

Vq mo) 

vo'~m-fioy 

whoro 0. 

(ix.) Clinical Thmuometers. — The ordinary 
clinical thermometer naod for the determina- 
tion of tho temperature of the human body 
or of animals is a mercury thermometer of 
short range of the maximum type ; that is 
to say, the thermometer registers tho highest 
tomporaturo to which it has been exposed 
Hinoo ro-setting. Clinical thermometers em- 
])loyod in this country, the Colonies, and 
America are almost invariably divided on 
tho Eahronlioit scale ; orx tho Continent the 
ooutigrado scale is generally used together 
with the R6aumur scale to a much smaller 
extent. The range of temperature necessary 
to such a thermomotor is 95° to 110° E. or 
35° to 45° C. A special typo of therrnometor, 
known as tho “ surface clinical thormometor,” 
employed for tho determination of skin tem- 
peratures, is divided as low as 85° E. Tho 
earliest typo of clinical thermometer was 
known as the “ hospital thermometer,” and 
was not solf-rogistoring ; it was of tho normal 
clinical thermometer range, but was road while 
in tho patient’s mouth. An improvement on 
this was tho “ Bhillip’s index thermometer,” 
in which a small thread of mercury was 
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separated from the main column by an air 
speck ; on a rising temperature the short 
length of mercury advanced in front of the 
main column, but on again lowering the 
temperature the main column fell while the 
index column • remained stationary. This 
thermometer was liable to got out of order 
when the instrument was re-set by shaking, 
as the index column frequently joined on to 
the main column. A later dovolopmont was 
the introduction of a slightly narrowed bore 
which to a certain extent prevents this join- 
ing up. This led to the introduction of the 
modern constricted - boro maximum thermo- 
meter, in which the index thread separated 
from the main column by an air speck is 
dispensed with. The constriction is made by 
blowing a small enlargement in the boro of 
the capillary a short distance above the bulb ; 
heating the tube on one side opposite the 
enlargement with a very small flame causes 
this to collapse and so produce a constriction 
in the tube. The amount of constriction must 
be such that while the mercury passes freely 
on expanding when the instrument is raised 
m temperature, it must be sufficient to prevent 
the mercury running back when the tempera- 
ture falls. At the same time the bore must 
not be so constricted that it is unreasonably 
diffloult to cause the mercury to join up when 
the instrument is shaken or swung from the 
end opposite the bulb. A skilled glass-blower 
can frequently adjust the tightness of the 
constriction either in the direction of closing 
it by reheating and causing further collapse 
of the glass, or opening it by forcing mercury 
past while the glass is slightly softened in 
the blowpipe flame. The shape of the con- 
striction has a considerable effect upon the 
smooth working of a clinical thermometer ; 
if it is not sufficiently sharp the mercury 
column tends to draw back into the bulb 
instead of parting cleanly immediately the 
temperature begins to fall. Fui-ther, the mer- 
cury column may tend to “ jump ” as the 
temperature rises ; in this case the column 
does not rise in the capillary steadily with 
gradual increase of temperature but proceeds 
in a series of jerks. In a bad case this jump 
may exceed a degree Fahrenheit although its 
ordinary magnitude is of the order of a few 
tenths of a degree. Another device by moans 
of which mercury thermometers may bo 
rendered self-registering is known as the 
“ choke bore ” ; this method is employed for 
thermo meters of the enclosed scale type, 
principally made on the Continent. In tlicso 
instruments the mercury column is prevented 
from falling by the introduction of a splinter 
of glass into the end of the bore of the thermo- 
meter at its junction with the bulb ; the 
thread of glass is kept in, position by being 
sealed into the opposite end of the bulb. 


These instruments are apt to get out of ordtu* 
owing to the line point of glass forming ibe 
choke being broken off in sliaking down tlu^ 
mercury (‘.oliinm. 

As previously mentioiuHl, the opciratiou of 
rosoUing a maximum th(U’nionu‘itM’ is shaking 
or swinging the instrument so tbati lh(‘ nuM’eurv 
is forced towards the bulb. OlJier lm^th()<ls 
have been introduced to aee.omjilisli tluM with 
loss trouble than is sometimes exp(u*iene(Hl in 
shaking down a thermomeUw. In oiu^ device 
two constrictions arc used at a slight disiaiUH^ 
ajiart ; these eonstrietions are not so tight as 
in the ordinary ease, therol)y allowing the 
mercury column to bo rejoined with much 
loss effort ; the double (umstriotion, however, 
prevents the mercury being drawn bacd< into 
the bulb when the increnry .oontraotH on fall 
of tomjieraturc. Anotluu’ method, known as 
the “ Davidson patent,” is made by providing 
a small metal plunger at the tip])or end of the 
boro ; tins plunger works through a metal 
cap on to a disc of rubber covering an enlarge- 
ment in the boro of the tube ; the enlarge- 
ment is filled with mercury, whkdi is sojiarated 
from the main, column in the tube by a small 
quantity of air ; pushing in the rubl)er disci 
by moans of the plunger forcses some mor(!ury 
down the bore, driving the air Ixdoro it ; this 
in turn causes the mercury column to flow 
back past the constriction, ddie instrument 
is liable to got out of order owing to tlie 
perishing of the rubber dis(i. ff’his dilffculty 
is overcome in another typo of instrumont 
known as the “ Ropcllo thermomeior,” in 
which the movement of ibo mercury piston 
is obtained by slight ])ro8suro upon a llationed 
bulb of toughened glass soalocl to tho uppeu’ 
end of tho boro ; as in tho previous case, tlui 
mercury contained in this bulb is HOi>arated 
from tho indicating column by means of a 
small quantity of air. 

In taking a temperature by inserting a 
clinical thorm{)motcr in the moutli it is soon 
realised that tho final reading of tho instru- 
ment is not roaeluHl as (juiekly as it) wouhl 
bo if tho thermometer were immerstHl in a 
bath of water, ’’.fho reason for this is 1/hat 
tho introduction of Ifie Ihermonud.m’ causers 
local cooling, heat being al)sti’a,eie<! in ordm' 
to warm up the mercury in the tluu’monn^UM' ; 
and an interval of time is luuH'ssary before 
tho circulation brings the sutTounding tmn- 
poraturo back to tlio ae.iual l/('impera1<ure of 
the blood. It is obvious (bat this disturbarua^ 
will be less tlu'i smalltu’ tln^ (piantit/y of mercury 
contained in the bulb, and henec^ it is eusl.onmrv 
to limit the size of the hull) to produce a 
reasonably rapid inHirimKmt. As a (a)nse- 
queneo of this, it is s(xm that the bore of 
tho capillary used must/ also be very small, 
especially when it is taken into lux'ount that 
an ox)on scale is desirable the elhiieal range 
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of (uuMipios a of 2 to 

2^ in. Wilih ho liiu'! a boro (lio thiM'iiioinoicr 
l>(‘(‘on\('H (liniault to a, 11(1 a dcviao was 

iril.rodiuuHl by OK^anH (d wbioh i.ho iiUM*oiiry 
aobinm ('ould bo lua^^nilitMl in width. Thin in 
a.('('.()ni|)liHhod iu Mk^ front” (dinioal 

thornioinotor by oniiiloyin^r a oapillary tube 
of H0(!ti()ii Hhovvn in Fig. M. If tho iuHtruniont 
bo hold HO that tlio oolunm is 

I ohmthn viovvod through tlio Hbarj) odgo of 
/or oiQwina gbvHH a niagni(i(Hl image of tiio 
/KBQfQ fliu'('ad is Hocm. ’'dho uho of this 
dovioo iH not roHtriotod to clinical 
thornioinotorH, but ih much more 
Ku}. 1-1-. fro(iuontly omployod hero on ac- 
count of tho fine borcH twod. Tho 
other d(wieo UHod for rendering a nioroury 
(a)luniu more easily vlsibh^ Is by meanH of a 
llatt(Miod boi’o ; this, however, eaunot bo naod 
with elinieal ib('irmomotorH as tho capillarity 
(dfoctH would 1)0 too great for the iiiHtrumont 
to bo ndiablo. 

It in ouHtomary to doHignato elinieal thormo- 
inotorH by terniH J min., 1 min., and 2 min., 
etc., to diMtingulsIi ladweon tlie Hlower and 
tho more ra.pid iuHtrunKailH. ^Pho hwniR are, 
howov(M*, miHloading, an tlio time taken by a 
elinit^al l^o jiiok up a tomporat-ure dejiendH so 
much on ptu'Honal faetorH aH well as on tho 
cluvraeloriHtioH of tho iuHtrumont itself. The 
j|-min. iiiHtrumont, for example, will have 
attained itH ma.ximum reading in thiH period 
of time when uHod by Home individuals, but 
in other eaHes tho final tenpioraturo will not 
bo roaebed until after an interval five timos as 
long luiH elapHod. It, however, may bo taken 
that the elaHHilieation ih dependent on tho sizo 
of tho bulb, ami that for any given individual 
a i-min. thermometer will lie quieker than a 
l-rnin. iuHtrument, which in turn will hoqniekcr 
than a 2-min. Ah a n'Hult of a diHeuHHion 
Ix'tween i,he eliiruMd iliormonie(-er trade and 
the National Phynical bahoratory and other 
auiihori(.i('H, it has liooii Hugg(\stod that the bulb 
of a. J-min. luHtrumeut nhall not exceed 
2*4 mm, in diameter and 20 mm. in length, 
those doHignatod 1 min., 2*0 mm. in diameter 
and 20 mm. in. length, while instruments 
oui-side the latter Hii^es shall he designated 
2 mill. In general a 1-min. instrument is 
easier to riuid than a ;J-min, instrnmont, and 
iH UHUally more roliablo in eountruetion, tho 
latter Ixung rondorod oaHior hy tho largor boro 
of (bo iiiHtrument. 

Veterinary tliormomoiers are uHually of a 
much more rohunt type, and are emiHO- 
(jueiiily provided with a larger bulb ; they are 
hence Hlower in action. Tho UHVuiIly aoeopted 
“ norma) pointH ” for voiorinarv use are nhown 
in Fig. ir>. 

Tho widespread use of (slinioal thormo- 
inotors has led to the introduction of many 
special paiteriiH ; tho main types of instru- 


ments have boon dealt with in the j^receding 
paragrai>hs, but amongst others may be 
montfoned tho several forms of aseptic ther- 
mometers in which special precautions are 
taken to avoid infection being conveyed by 
bacteria carried in the divisions on the surface 
of tlio tube. Tlio insulated ” thermometer 
or ( 'ontinontal ” pattern affords an example 
of this typo, and this is probably its main 
rceotiinieiidation ; tho scale is completely en- 
closed in an outer sheath, and the thermo- 
motor may he immersed in an antiseptic 
solution without damage to the marking. A 
variation of tliis typo is afforded by a thermo- 
meter in which tho “ solid ” stem is traversed 
by a slot behind and parallel to tho bore ; 
tho scale is engraved on a thin strip of material 
such as mica, and is inserted in the slot ; tho 
Olid of tho tube is then scaled. Another type 
of instrument resembles an ordinary clinical 
thormoniotor but carries no divisions ; for 
purposes of reading, this undivided thermo- 
meter is placed inside an auxiliary glass tube 
on tho surface of which tho (divisions are 
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engraved. Exact registration is afforded by 
a ground-glass joint between tho two. 

In other varieties of clinical thermometers 
modifications of the scale arc introduced to 
render the use of those instruments easier 
to tho general public. For example, the 
Sumner’s patent has the scale figured with the 
normal point 98*4° F. as zero, each degree 
Fahrenheit above or below this being marked 
H* I, +2, . . . or - 1, -2, . . ., etc. 

Surface olinicala have been mentioned ; 
those are frequently made with a bulb design e<i 
to give a largor area of contact than would bo 
obtained with ordinary typos of cylindrical 
hulbs. In ono jiattorn it is arranged in a 
circular form. 

It should bo mentioned that in several 
countries clinical tlicrmomotors are required 
to bo tested and ajiprovod before they are 
sold for use. 

(x.) Fodiiim- potassimi Thermometers . — As 
pointed out ])rovi()usly in connection with 
liigh-rango ihonnomotors tho boiling-point of 
inorcury Is about 350° 0., but by tho intro- 
duction of gas under pressure above tho 
column it is possible to extend tho useful 
range of a mercury thonnomotor up to about 
,5()()° 0. This raises tho question as to whether 
alternative li(iuids are available as a thormo- 
mctric fluid. It has been found that a mix- 
turo of tho metals sodium and ])otassium, in 
the proportion 4:1, is fluid at a tempera- 
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ture as low as -10° 0., while the boiling- 
point of this mixture is sufficiently high for 
thermometers to be used up to the limit sot 
by the glass envelope witliout introduction 
of gas. The use of tin for high ranges has 
also been attempted, hut satisfactory results 
have not been obtained. 

(xi.) Fused Silica Thermometers. — Thermo- 
meters have been made replacing glass by the 
transparent variety of fused quartz with a 
view to increasing slightly the scale of the 
instrument, and also to avoid the troublesome 
changes of zero which are experienced with 
glass thermometers. The depression of zero 
with a mercury-in-fused-silica thermometer is 
negligible. The difficulty, however, of making 
uniform capillary tubes of this material has 
not yet been overcome successfully for such 
thermometers to be generally available. 

(xii.) Miscellaneous Thermo^neters . — The 
electrical types of thermometers dealt with 
elsewhere offer advantages over mercury 
thermometers in that they can be made to 
give a continuous record of temperature 
without great difficulty. Under certain con- 
ditions, however, it is possible to obtain a 
continuous record with a mercury thermo- 
meter by photographic means. This has boon 
used in connection with humidity records at 
certain meteorological stations. A largo tyi)e 
of thermometer is employed with a flattened 
bore, or one where a comparatively wide 
column of mercury is available. The instru- 
ment is supported vertically in front of a slit 
behind which sensitised paper is carried on a 
drum with its axis vortical ; a beam of light 
is allowed to fall on the instrument ; the 
mercury column stops part of the light, but 
the latter is able to pass through the thermo- 
meter above the column and affect the sensi- 
tised paper ; a trace is thus obtained showing 
the height of the mercury column. 

Mercury thermometers may also be employed 
to give warning of temperature fluctuations 
outside certain limits. This is acliieved by 
introducing into the capillary platinum wires 
at points corresponding to the special tem- 
peratures ; the rise and fall of the mercury 
makes or breaks electric contact with those 
wires and gives the desired signals. Such 
instruments suffer, however, from the dis- 
advantage that the temperatures at which a 
signal is given cannot be varied at will. The 
current employed with such instruments must 
be very small to avoid contamination of tlie 
mercury surface, and bonce they should only 
bo usccl in conjunction with relays. 

(xiii.) Transmitting Thermometers . — In in- 
dustrial use the ordinary mercury thermometer, 
Avhilo liaving the great advantage of being a 
voiy simple instrument to read, suffers from 
the disadvantage that glass mstrumonfs are 
very liable to fracture, and further must bo 


road in situ, '^riiosc considt'rations hav(^ UmI 
to the iutrodu(;tion of monuiry ibernioiiH'Uu’S 
employing a metal for tlio envt'loix^ insbxul 
of glass, while suc'b InstrunuMits an' nnuU^ 
“distant reading” hy the use of a nu'tal 
capillary of any desired length bet.w(H'n tln^ 
bulb and the indicator. Tlie iudi(xitor in hu<*1i 
an instrument is a Bourdon prt'ssure ga.ug(^ 
the scab of which is e<alibrate<l to give dinxit 
readings of the temi)orature to whicli 
bulb is exposed. In a rocxait foiun of sutili aii 
instrument a number of tho (lidieulth's i)r(v 
viously mot with are ovorcotius in tln^ following 
way. Tho bulb is of stool hermetie.ally eon- 
noctod to a stool capillary torminaiiing in a 
flattened stool tube wound into a spiral which 
constitutes tho gauge. Idio ea|>illary may b(^ 
of any desired length uj) to 110 or rnon^ 
thereby ])crmitting th(5 indicator to bo rertu)V(xl 
from the point at which tlie toinporatui“(^ is 
beiiig determined by a c^onsidorablo clistaiux'. 
The use of a long capillary at ouco iutroduees 
a potential source of error, as tho (piantity 
of mercury contained in tho (uipillary itself 
may bo a largo fraction of that contained in 
tho bulb, thereby rendering tlu^ inHtrunu'ut 
largely dopondent u])on the tempt'rattir<' of 
the capillary. In the particular form of IranM- 
mitting thermomotor referred to, this obj('etioti 
is overcome by introducing into capi lla, ry 
a number of longtlis of “ invar,” tlu^ rat io of 
the diameter of whi(^h to the inticu’iuil difurn'tiiu’ 
of tho capillary is adjushnl so that Uie (dhudlve 
change in tho volume of the capillary is just 
equal to tho correspomling chaiigi^ in the 
volume of tho mercury tilling it., wluiUwtu’ bo 
tho tomporaturo to which the capillaiy is 
exposed. Oomi)onsatioii is also madt^ for 
changes in temperature of tlu^ indicuitor itsi'lf 
by connecting tho pointer to the free end of 
tho Bourdon tube through tho int(u*m{xliary 
of a bimetallic strip. 

§ (9) Emidroent Stem CoHRicdTroN.' -dfor 
accurate dotermiJiationH a thermoirud(U’ n\UHt 
always bo used so that th(^ whoh^ of tho 
mercury contained in tlio bulb n.n(l in tlu^ 
stem is exi)osed to tlui t(uup('ra.t.ur(' it. is 
desired to measure. In many ea,S('H, h<)u<^v(u’, 
this is not convenient, jind it then b(HX)m<'H 
necessary to investigate tlu^ (^Ibnit pro<luc('d 
by (uu(ug(mce of a portion of th<^ Ht(un. It 
will bo obvious that tho hMigtli of tlu^ <>olumn 
not immersed in the m(xlium will b<^ long<w or 
shorter acoording to wh(^th(w tho t<‘mp<'ra.t.ure 
to which the shun itself is expos'd is higlu'r 
or lower than that of the medium \n which tlie 
bull) is immersed. 'I1ie latter casc^ is nior<^ 
usual, but tive following ix^asotiing applit^s 
equally to either eondition, diu^ n^gnrd Ixmig 
])aid to the sigit of the n^sulting eorreetion. 
Consider the case in w'hicih a tluM’mometeir 
is used HO that the mercury (column (yxi.(mds 
7h degrocH above the level to' whieh then iustru- 



1013 


a^HEBMOMETBY 


nH'iii. in inim(u’H(Ml, wliih^ t w 11 h^ moan tomi)ora- 
t.ur(‘ of t imn'oury oooupyiiiji!; tliOHo n (lef:;rooH 
jiml 0 is i'liai of tlu', baili ; if the whole of the 
(Ju'i‘moiii<^i(M' had Ixam i*a.iso(l to iho tompora- 
t.oro P, tiho nohimn would have expanded by 
an amount <M|ual to n(0 /) x ap[)aroiit ooelU- 

oi('n(i of (‘xpiuisiou of ineroury in the gUiHs of 
wliioh t.h(^ tluM’inomotcM' is constniciod ; this 
amount is tlunx^foro the oorrootion which has 
to 1)(^ adchnl to the reading of tlio therniomctcr 
to give iho true Uunporaturc of the hath, that 
is <f> (tlio corroc.tion wpiircHl)— A x -a x (P -Q. 
It will 1)(^ noted that in the above expression 
tlu^ vahu' 0 is the true temperature t)f the 
haih whitih is uidviiown, but as a first approxi- 
mal.ion it may Ix^ taken to be the reading of 
th(^ t'lua‘monudi(a\ '’ho obtain a more aocurato 
vnlu(^ for tilu^ oorrootion it is then necessary 
to HuhslttuU' for 0 the obscM'vcd rea<ling plus 
th(^ approx imatoi (X)rroction obtained in the 
first (adoulation. The rc'sulting valine will be 
suHioi<mtly ao(mrat(^ for all practical jairposes 
owing lio th(^ fact that lh(^ value of t is soine- 
wluit imU^linitc^ as disoiissod later. 

d'he vaJtu^ of tlu^ oonslant A va,ru‘H witlt the 
natur<^ of (h(' gla,ss employed from 0-0()0l5 to 
0*0(101 (> if iihe li(unj)orai/ur(^ is moaHured on 
th(' (UMitigra.do soa.lc', tlu^ o,on'osp( Hiding (igiires 
for hahrtnduat thermonudors are 0*000083 to 
0*00000. 

d'h(> main diHicidty in api)lying this correc- 
tion to th(^ readings of thermometers is the 
muxu'tainty of tho value of the mean tempera- 
ture of the emergent column ; it is obvious 
fJiat I'his is grcviter than the temperature of tho 
air owing to tho e.onduction of lieat along the 
nu'i'eury cH)lumn if self ; the value is generally 
obtaiiU'd by i>la(tmg an auxiliary thermometer 
HO (iial/ its hidb is in e.ontact with tho 
iiistrunuadi umku' eonsidia'ation at a point 
half-way up (im <unei'g<Mit column. Another 
way of (d)taitnng the tempcu’aturc is to make 
use of a, spiHiial Uuu’mometca,' known as tho 
“ haihai ” or hhnvul dduamonud-cr, in whieli 
tiu' UHuai lyp(^ of bulb is n^phuual by a capillary 
tube of lengfih from 10 to 15 cm. : this is 
phiecd HO tiuit tho upfxu’ end t)f its hull) 
coinei<l('H with the upper cml of tho emergent 
column whoso teimporaturo is desired. For 
a, full d(WU'iption oi: tho methods in whieh 
ilu^ had<m tluuanometei’ can ho used, refer- 
(mee should he made to tho original paper of 
Mnhlkc ‘ or a [laper by Bucddnghain.'*^ 

(inxa^ '* HUggi^sts a slightly cliiTerent method : 
inHli(aul of taking file mean temperature of the 
mercury cohnmi, fiio value of the temperature 
of (iie'air of tho room is HuhsUtiitcd for t 
in file expri^ssion (j noted above. Tho value 
of th(^ eonsta^nt A will therefore he different, 
and its value has to be determined oxperi- 
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mentally, the corrections being obtained by 
measuring the reduction in the reading when 
tho instrument is immersed to various depths 
in a steam bath. 

dhroo points out that the value of this 
constant varies with did'eront thermometers 
and with tho conditions under whieh the test 
is carried out ; it is therefore necessary to 
arrange that these conditions shall ajiproxi- 
mato as closely as possible to tho conditions 
under whieh tlio thorniometer is intended to 
bo used. 

id)r instrimients intended for use in indus- 
trial operations and in certain classes of 
chemical work, tho thermometers arc pointed 
for a spccihod depth of immersion and the 
corrections to tho thonnometers obtained by 
compai’ison wdtli standards are tabulated for 
corresponding conditions. In such cases it 
is im])()rtant that tho thermometers shall bo 
used in a manner corresponding to the way in 
which the tests were carried out, as otherwise 
the eorrectiona will not apply even to a low 
order of accuracy. 

It may bo mentioned that for high-range 
thermomoters the correction for emergent 
column may amount to as maich as 20” to 30° 
C. at 400° Ct, so that it will be seen this 
source of error cannot bo neglected, even for 
work in which high accuracy is not essential. 

§ (10) TriuRMOMJmno Lau. — It is a matter 
of common knowledge that all thermomoters 
exhibit a time lag, that is to say, a thermometer 
when i)lungod into a medium at a different 
tomporaturo docs not immediately register 
tho value of that temperature ; a certain 
interval of time must , elapse before a final 
reading is obtained. Generally this is not a 
matter of groat importance, as it is possible 
to wait long enough for the steady value to 
bo roa(dic(L There are, however, some cases 
Avherc this docs not In Id, and a correction has 
to bo aj)plied to allow for tho lag of the 
instrument employed. Tho time taken by a 
thermometer to acquire the temperature of 
tho medium in which it is immersed is 
doi)ondent on several factors which include 
the nature and condition of tho medium as 
well as tho type and dimensions of tho 
thcrmotiKder. 

If T bo tho tem})oraturc of tho medium, 
and 0 be tho tomporaturo indicated by tho^ 
thermoniotcr immersed in it at any time t, 
thou by iho ax)pUcation of Newton’s Law of 
(Jooling 

_ Ifrp _ ()\ 


where X is a constant with respect to T, 0 
and but which depends upon tho ty})o of tho 
iiheruxomoter and the nature and conditions of 
tho medium. 

Two cases may bo considered ; tho first in 
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which the inediuin is maintained at a constant 
temperature, i.e. T= constant; and secondly 
when the tem])orature of the medium is 
changing uniformly, i.c. T is a linear function 
of the time t. 

Integration of the above equation for the 
first case gives : 

e-T = {0„-T)e-J'^ 

which is equivalent to stating that tlie differ- 
ence between the temperature indicated by 
the thermometer and that of the medium de- 
creases logarithmically with time, and further 
that the difference is 1/e (ie. 1/2-718) times 
the original difference in X seconds. 

In the second case, where the toinpcraturo 
of the bath changes regularly with time, 
integration of the equation gives approxi- 
mately, after steady conditions have been 
attained, 

where n is the rate at which the temperature 
of the medium is changing, derived from the 
expression + 

In this case it is seen that when conditions 
become steady the temperature indicated by 
the. thermometer lags behind the temperature 
of the medium by an amount equal to 
It may be noted that X has the dimensions of 
time. 

For the ordinary type of chemical thermo- 
meter the value of X is of the order of 5 seconds 
for immersion in a well- stirred bath of water. 
Considering the case of a thermometer which 
initially indicates a temperature 10° C. below 
that of the bath, application of the above 
formula shows the difference will be reduced 
to 0-01° C. in about 35 seconds, while in the 
case of a thermometer being immersed in a 
bath of well-stirred w'atcr whoso temx^eraturo 
instead of being constant is rising at the rate 
of 0-1° C. per minute, the thermometer will 
lag behind the bath by nearly 0*01° 0. when 
steady conditions have been attained. 

In air a similar result holds, but the values 
for X are much larger, that is to say, a thermo- 
meter picks up temperatures at a slower rate. 

The lag coefficient of a thermometer is 
determined experimentally in the following 
way. The thermometer is immersed in a 
bath maintained at a constant temperature, 
tlie liquid being stirred or at rest acscording 
to the conditions under which the lag is 
required. It is essential that ilio bath b(^ 
maintained at a constant tomi)orature through- 
out the observations, and for this purpose it 
is better that the observations should bo 
carried out at about T’oom tomi)oratur(^, 
2 )articularly whore the conditions do not 
allow of stirring. Prior to iinnnu’Hion in the 
bath the tliermomctor is cooled to a tempora- 


turc some 15^ (!. below iJu'i bath. Ihoi I'inu'S 
at which the nuM'c.ury column cn)HH<'M various 
graduations are rcicoiHhal until tlu'i ((Mupofa- 
ture indi(!ate(l by the th(M’inoiiict(‘r Ix^c.omes 
stationary, hor slow tlus'iuoim'tcrs a vva,tch 
may be omploytMl, but For rapid instiMinuMiis 
a chronograph is ess(xitiah A curvi^ may 
bo plotted giving tln^ relaiiou betwcMMi the 
readings and tiuu^ ; this curve will Ix^ found 
to bo a8ymi)t()ti(t to the ordinate corn'spoiuling 
to the final temperature of tlu^ hath. It will 
bo noted that the e(piation alx)V<^ (IchIikhhI 
for the eondition of constant iemjxu-atnre is 
logarithniic, and it may bo written in tlu^ form 

X- ^ 

^“i(rg;(/^,-T)/(/N-T)’ 

the value of X may be obtained by plotting 
a second ciurvo connec.ting i.lu^ time t> witli 
log,,(f^o~T)/(^i -T). Any value for 0 on the 
above curve may bo choson as the starting- 
point tiino t bo rockotunl 

from the instant at which this value was 
attained. Tho logarithmic curve will bo a 
straight lino, and its slope gives th(^ vahu^ of 
X, the required lag cocllieient. 

§ (11) TTjSTS 01'' TllKHMOMnTI'UiS BY (V)M- 
PARrsois WITH Standards.- -The standardisa- 
tion of a thermometer from lirst j)rin(uplos has 
been dealt with iii a previous paragraph. 
Tho method is, however, somcnvhat long atiid 
tedious, and furthennon^ is not a 2 >pli<’abl(' to 
the many types of tlua’inoimdiors whose ranges 
does not include th(^ fundaituxital fixed points, 
namely 0° and 100° (1. Kor most lU'acdieal 
l^urposes it suilicios to coinpm'e the insiru- 
inont under consideration with a standanl 
thormomotor tho values of whoso roju lings 
arc known in relation to tho International 
Tom 2 )oraturo Scale. Methods of ciarrying out 
those conqiarisons have boon workcnl out in 
detail at tho various national tc^sting institu- 
tions, and a description of tho o(2uipment 
and methods enqfioyed at the National 
Physical J.(alx)ratory of this country will 
serve to show how tlie opcu’ation is pm'foi'uxMl. 

Tho essential fcxiture in eoinjxii'iHon of a 
thormom(‘ter with a stamhird is that tlu^ two 
iiistrumentH shall Ix^ inmuu'si'd in a uuxlium 
the temperatui’o of W'hiiih may he readily 
adjusted to any re<|uir(sl valium and niaiutauKxl 
at that vuilue for a riaisouablc^ int(X'va.l of 
time. FurilKU’inoi'o tlu^ luedium in whieli tho 
instnimonts are iinmersiHl must bo of uniform 
tomfHirature throughout its hulk. 

To aelu'eve this mid tho fumhuiKxdal priii- 
oiple in the eoustruolion of eompm’iHon baths 
om))loyed at tlu^ National Physiiad Ijiiboratory 
is the provision of two vortical tubi^s eross- 
coimeetiHl at their upixu* and lower ends, l-h<^ 
medium in which the (tomparison is being 
carried out Ix^ing eireulated round the vi^ssid 
so formed. The thormomotor or thormonuderH 
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un(l(M' ('Xfuniiml.ion, with the Htandard 

iuHtrunuudiH with wiiich iih(\y aro being com- 
pared, an^ HupporhMl in one of the tuhen, 
whil(s in (iln^ otlua* diwic'CH are arrang(‘d for the 
iK^aXiug and eircnlation of tlie U(juid in which 
th(^ tln'nnonudierH are inunerHcd. For com- 
pa,riHonH l)elave(m 0" an<l 100“ (!. water is 
UH(rd. (Hrcidation of the water is elTected 
hy a proiH'ller, Hupported in tlie left-hand tube 
at itH uppen' caid. .Below the propeller electric 
heaha' nnits are provided. The heaters are 
])rotcH‘.tied from contact with the water by 
bcang caielosed in pockets conHtrue.tod of very 
thin copp(M: sheet. Those are of such a size 
that the heatcM's (it vea-y closely ; the object 
Ixang to ensun^ a very rapid transference of 
hcali fnnn tlu'i heaU'.r itself to the water of 
I'lu^ bath, for to a larger extent the accnracy 
and HpiMxl with whidi a comparison can be 
(Uirried out, is dejHMnh'nt on this point. Rapid 
traiiHiereiuu'i of heati from tla*! heating units 
etisun'H that iJic^ Umpxn’ature of the bath 
will follow without serious lag the changes 
made in the luMiting curretit. it thus Ix^comes 
an (xisy maiiter to adjust tlic temperature to 
any d(‘sire<l vahn^ and to maintain it there 
l‘or any nxpiinxl time. This is a matter of 
soni(' <x>nsiderabl(^ dilliculty if t/here is appro- 
eJabh^ lag betwe(‘n the alteration of the heat- 
ing eiiriviit and the resultant change in the 
tomperatun^ (d the water, '“rho temperature 
of the baths is controlled directly by the 
operatoi’, since the omj)Ioymont of any 
tluu’mostatie do vice of suHicient sensitivity 
would slow dowji the operation to an un- 
luxx^Msary extcMit, and furthermore a simjdo 
dtwi(Xi would lack the Ilexihility nxpiired to 
shxuly l.h(^ t(unp<*raiur(^ to any dcsirod point 
ovw (lu^ rang(^ over which such a hath, is 
normally uh(hI. Anotlua* consideration inllu- 
encing this imd-lnxl of working is that in 
jnaking eompai’isons It is desirable for the 
(.('npx'ratun^ of tlu^ bath to rise very slowly 
during (iht^ obscu’vations, ratlux* than for the 
(i('niiHU‘a(air<^ to be maititained at a strictly 
constant valium. In carrying out Ibo compari- 
Hons at least two standards should always bo 
us(xl ; ngivxmient betweiui the readings of 
tluw^ adUu’ th(^ ap[)li(<ation of the nocossary 
eorr(xitions will largely tend to chock the 
introeluetion of iualdental eirors in reading. 
At the .haboratory it genun'ally lui|)pouH that 
mor<^ than one thermometer is under exarnina- 
l/ion at om^ time, and the usual pnxxxluro is to 
f>hme one of the standards at the beginning 
of the H(l( of insti'uments and the other at the 
cml ; if jnon^ tluin iwo standards are employed 
th(^ otlnu's ar<^ dlstrihutexl uniformly among 
the theumionu^ters being te^stexh Headings e)f 
tlu^ instrumeuits in turn are takeui at a nnifeu'm 
rate^ fi*oi»i tJui iirst stanelarel to the last, then, 
without inlerruption, the) re^adings ares cem- 
tinued in the revex’so order, the last standard 


being read again, followed by the instruments 
under tost anel linally the first standard. 
In making high ])recision comparisons the 
double set of readings will be repeated. The 
moan values of the readings are then, calculated, 
the necessary corrections to the standards 
aj")[)licd, and the mean value of the standard 
readings is obtained. As previously pointed 
out, the corrected means for the standards 
should bo in good accord, and if this is not 
the case the sot should be discarded, after the 
reason for the discrepancy has been investi- 
gated, and a new set of observations made. 

In order to avoid difficulty owing to capil- 
larity effects in the fine bore of the majority 
of mercury thermometers, all comparisons are 
carried out with the temperature of the bath 
very slowly rising ; consequently if a set of 
thormometora bo read only once, the corrected 
indication of the last would be slightly in 
excess of that of the first, while the others 
will give intermodiato values according to the 
time at which they were road ; the object 
of making a reverse sot of readings is now 
apj)arent, for, if the bath is rising in tempera- 
ture at a uniform rate, and if the instruments 
arc read at regular intervals, the means of the 
two sots of readings taken forward and then 
backward will give strictly comparable values. 
In ])ractico the rate of rise of temperature is 
of course arranged to bo very small, of the 
order of a few hundredths of a degree in the 
time nocossary for making the observations, 
so that any small irregularities in the rate 
in which the thermometers are read will be 
of no importance. 

The reading of thermometers of precision 
is invariably carried out by the aid of a 
reading -telescope, which is mounted on a 
substantial support at a suitable distance in 
front of the thermometers to be observed. 
I.''he axis of the telescope must be kept at 
right angles to that of the thermometer ; the 
latter is xisually vortical so that the axis of 
the telescope is made horizontal. With this 
arrangomout the introduction of errors due to 
parallax is practically oliininatcd. The tele- 
scope need not bo of high power for use with 
ordinary instruments ; a magnification of 2 
to 3 wiil bo found sufficient in most instances, 
but for the highest class of work with very 
finely divided instruments it may be increased 
to 8 or 10. The use of a micrometer eyepiece 
is not generally desirable except for reading 
fixed points ; with ordinary skill it is possible 
to estimate to ono-twentieth of a division, 
while some operators are able to estimate to 
ono-hftieth. The majority of thermometers 
will not, however, bear subdivision to this 
order on account of the width and irregularity 
of the division linos. In reading a thermo- 
meter it is dosirablo to place it in such a 
position that the mercury column just fails 
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to cut the ends of the division Hues, as in tliis 
way the position of the end of the column is 
not obscured by the division itself. 

The illumination of the thermometer is 
another point to which some attention should 
be paid. Thermometers of the highest class 
are not provided with enamel backs and must 
therefore be illuminated from behind. Glare 
from the source of illumination is prevented 
by the interposition of a sheet of ground-glass. 
Thermometers provided with enamelled backs 
are best illuminated by a lamp placed in front 
of the instruments in a direction of about 45° 
to the line of sight. In this case also it is 
desirable that the light should be diffused, 
and a convenient source of illumination is 
provided by metallic-filament electric lamps 
with frosted bulbs. The lamps should be at a 
sufficient distance to prevent heating of the 



thermometer; and for this reason metallic- 
filament lamps are preferable to those with 
carbon filaments. A 20-30 watt lamp at a 
distance of 12-15'' provides amj)le illumination. 

(i.) Construction oj Thermometer Com;parison 
Baths . — The details of construction of the 
thermometer comparison baths for water are 
shown in Fig. 10. A and B are the two 
vertical brass tubes joined at the upper and 
lower ends by means of the gun-metal castings 
C and D respectively. Tube A contains the 
heater and stirrer, and is of uniform size, namely, 
6 in. diameter, in the various baths employed. 
The diameter of tube B ranges from 5-12 in. 
according to the nature of the instruments 
under tost and the num bor of such instrumonts 
being dealt vrith at any one time. The length 
of these tubes is also dependent on these 
factors. The baths at the Laboratory range 
from 18 in. to about 4 ft. in length. The junc- 
tion between the tubes and castings is made 
by flanges soldered to the tubes ; the flanges 
are bolted to the castings with a XJ^-cking- 


ring of brown paper covercMl with a thin 
layer of red load and gold size, which produces 
an efficient joitit to withstand tlu^ changes 
of temperature, in some baths, particularly 
those used for testing eiinieal tluMHUonieters, 
in which the tcunporaturo range is smaller, 
the tubes are soldered direct to the castings. 

In some of the baths the tube B is ])rovidod 
with a rectangular window, through which 
the readings of the thermo tneders may bo 
taken with the instruments fully immers(Hl. 
Such baths arc employed for the test of the 
loss accurate typos of thermometers, the 
readings of which are generally obtained witih 
the naked eye or by moans of a reading-glass. 
The window of ])lato glass is generally carried 
in a recessed rectangular brass frame holh^l or 
soldered to tube B, and the joint betweiui glass 
and brass frame is made with red lead atid gold 
size. Such a window will remain water-tight 
for several years, notwithstanding the e.on- 
sidcrable fluctuations of tornporaturo to which 
it is subjected. The caBtiugs 0 and .1) arc eadi 
I)rovided with four lugs, by means of wlueh a 
wooden top and base may bo bolted to th<^ 
metal x>art of the bath. Those wooden fi‘a.tn('s 
servo to support the baths and also alTord 
fixing for the outer wooden casing in which 
the baths are enclosed. The spaet^ Ix'tweon 
the bath itself and the casing is lilkMl with 
granulated cork,’ whicih serves as Uiti (^(riei(mt 
thermal insulator for this (hiss of work. A 
thickness of 2 in. of cork sufliiscs for most 
X^iirpoHOS. A eouviuiicnt easing is provided 
by strix)s of wood, such as an^ (an[)loy(xl for 
covering steam cylinders. Tlie ('ork lagging 
should not of course be allowed to hcxionu^ 
wet, as in this condition its insulaihig propcu’ties 
are imx)aired. 

Bor convonionco in repair, tlie luaiiin* 
pockets arc carried by a plate boltcnl to ihe^ 
casting B at the lower end of the tube A. 
In the smaller baths three or four pockets ari^ 
provided. These are soldered itito slots in the 
I brass ])late K. The ])<)ckots are fornunl by 
bonding No. 30 gauge (lopper sluxil/ oven* ji 
tomplaio very sliglitly larg<n* than tlu^ Innilcrs 
themselves ; the (nlges of tfio (u)pp(n' sluMit* ar(^ 
lapped and Holdenxl. hi the (W(mt of ji heaUn* 
section failing, it sonn^iinu's happens (hat one 
or more of the j)()ekihH are (h'stroyed. O'his 
method of fixing makiHs r(\|>la(^(nniHii of a 
pocket a ndatively sirnpk^ matii(n’. 

The stirrer (u)risiHi.s of a ihi'(H'-b!ad<H) pro- 
pellcir, of diamet(M- about in., earried on Mu') 
(md. of a shaft f)asHing ilirongh Ihe Hupporli 
B boltod to tlm nppen* easting (1 ; IxMirings aro 
])rovid(Ml at(J and 11 ; rot;ation of tlu^ propihc^r 
is obtaiiu^d by riuxins of a e.ord passing <)V('ir 
the j)ulley d and driven by a motor. A frix'i 
])uU(\y K on tlu^ (muI of ihc) shaft S('>rveH to 
carry tim cord whmi ilu^ bath is out of uh(% 
At the Ijaboratory it is the jyaetici^ to drive 




THERMOMETRY 


1017 


several baths from one motor by an endless 
cord passing round the driving pulleys of 
each. The tension of the cord is adjusted by 
a weight carried on a free pulley. The baths 
are supported on a framework of 2- or 2J-in. 
piping, the weight of the bath being taken by 
tie-rods fixed to the under side of the lower 
wooden frame and provided with a right- 
and left-handed screw connector for purposes 
of adjustment. The framework referred to 
serves also to support the water-supply pipes 
and the necessary switch-gear for regulating 
the heating current. Cold water is supplied 
to the bath through the funnel at L, while a 
waste pipe at M, provided with a stopcock, 
allows the bath to be emptied w^hen desired. 
An overflow fitted at N serves to maintain the 
water at a constant level. In some of the 
baths this overflow is adjustable. 

In baths in which the instruments are fully 
immersed and are read through the window 
the exact level of the water is immaterial, 
but in those where the thermometers are 
allowed to project above the top it is necessary 
that the bath should be kept quite full, so that 
the water laps the under surface of the plate 
from which the thermometers are carried. 

The method of support of the thermometers 
depends on the type of instrument under 
examination. Instruments read through the 
window are carried in spring-clips (of phosphor 
bronze) on a cage, details of which are shown 
in Fig. 17. The cage consists of an upper plate 
to w^hich three vertical rods are attachelf'; 
sliding platforms holding the spring-clips move 
on these rods. The position of these platforms 
is adjustable according to the length of the 
thermometers under test. A spider, provided 
with curved guides, is employed to direct the 
cage when it is lowered into the bath and 
to protect the instruments from contact with 
the sides of the bath during this process. 
Simple hydraulic lifts carried on the supporting 
framew'ork are employed at the Laboratory 
to raise and lower the cages, since a cage 
carrying seventy - two thermometers is of 
considerable weight. Baths with which this 
type of cage is used are fitted with a ball- 
race (with phosphor-bronze balls) at S, while 
gearing, operated by a suitably placed handle, 
serves to rotate the cage to bring each 
thermometer in turn opposite the window for 
purposes of observation. 

A different system is employed for precision 
thermometers. In reading these instruments 
distortion is avoided by making the observa- 
tions with the instruments emerging from the 
bath, instead of viewing them through a 
window. In most instances the thermo- 
meters are compared with the whole of the 
mercury at the temperature of the bulb, and 
the instruments are consequently supported 
in the bath so that the mercury column is 


only just visible above the top of the bath. 
For each reading it is thus necessary to re- 
adjust the thermometers - according to the 
height of the mercury column, and a simple 
means of doing this is necessary. This is 
effected in the following way. A rubber ring 
is slipped over the stem of the thermometer, 
of such a size that it grips the stem securely, 
but yet not so tightly that the thermometer 
cannot be pushed through the ring to any 
desired position. Suitable rings can be made 
by cutting rubber pressure tubing of various 
sizes into sections about 4 to 5 mm. in length. 
A brass plate fitting the opening of the bath 
is drilled with a number of holes and serves 



no. 17. — Thermometer Comparison Bath, showing 
“ Spring Clip ” Type of Cage. 


to support the thermometer by the aid of 
the rubber ring. To permit of thermometers 
of various diameters being satisfactorily sup- 
ported by a given plate, a series of graded 
sleeves is employed. The plates are drilled 
with holes of 10-mm. diameter ; the sleeves 
have an external diameter of slightly under 
10 mm., while the internal diameter varies 
from 4 mm. to 9 mm. The size of sleeve 
chosen for any thermometer is such that the 
instrument will just pass through it freely. 
In addition to the plate carried on the top 
of the bath, two other plates, drilled to corre- 
spond, are carried above and below the main 
plate by vertical rods ; the plates are clamped 
to the rods to permit of ready adjustment 
to any desired position. The perforations in 
these plates register with the holes in the 
main plate, and their object is to hold the 
thermometers steady in a vertical position. 
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The rapid circulation of the water would 
otherwise cause the instruments to swing if 
supported by one point, thereby rendering 
accurate observation impracticable. i'%g, IB 
will make the arrangement clear. A second 
rubber ring at the upper end of each thermo- 
meter avoids risk of accident should the 
instrument slip through the first ring. For 
spoeially large thermometers auxiliary cages 
are provided with 
larger holes. The 
holes in the plates 
are arranged either 
in a circle or in 
two parallel rows 
across the centre of 
the plate. In the 
former instance the 
telescope used for 
reading the ther- 
mometers is main- 
tained m a fixed 
position, and the 

plate carrying the 

Lower Plates thermomotei's is 

Fig. 18. rotated by gearing 

actuated by means 
of an endless cord from the observing position. 
In the second case the ijlate remains in a 
definite position, and observations of the 
different instruments in turn are made by 
moving the telescope. 

As previously mentioned, the circulation of 
the water is effected by means of a propeller 
carried in tube A (see Fig. 16). The dhoction 
of rotation is such that the water is lifted in 
the tube ; it then passes through a top cross- 
connection and down the ' main tube, back 
through the lower casting, and then up past 
the heaters. The speed of the propeller is 
roughly 300 to 350 revolutions per minute, 
which suffices to pn^duce a vigorous circula- 
tion of the water. This is an essential feature 
of this type of comparison hath in order that 
the water tlu'Ough the main tube may bo 
maintained at uniform tomporaturo. Tests 
carried out on these baths show that the 
difference in temperature between the water 
at the upper and lower ends of the tube on no 
occasion exceeded 0*01° 0. In practice, for 
the highest precision work the bulbs of the 
thermometers under comparison aro kcj)t as 
close as ])ossiblo, thereby reducing any un- 
certainty in tlio uniformity of tomporaturo to 
Jess than 0-002° (j. Tlio direction of circula- 
tion of the water is imjxiriant, for if this is 
reversed much loss uniformity is obtained. 

The heaters employed are of uniform size 
for all tlic baths. In the smaller baths three, 
or four (louJde heaters are used, while in one 
larger batli of a[)j)roximately 80 litres e.a|)a(!ity 
six (louJ)le heaters are empJoycul. The lu^aters 
arc in two parts, each of which dissipates 400 



watts when used on the standard voltage of 
100. Thus tlie eiu'rgy can be supplied to the 
smaller baths at the rate of about 3 kilowatts, 
and to the largcu' one at nearly 5 kilowjitts. 
The heaters are constructed of ‘Miichrome” 
stri]) wound on a mica fra, me and prot(aite<l 
on each side by mie-a sheets. Fig. 10 shows 
the constriietion of the lieaters. O^lu^ Hiz(‘ of 
the strip UvSod is aj)proxiinat(^ly 1*5 nutv, by 
0-2 mm. in section, and when in position in 
the bath these units carry a eurrmit of 4 
amperes without overheating, dlie atdual 
tomi:)orature of the wire is about 400° (t, and 
the energy, of course, can only be dissipated 
when the pocktds in which the beaters are 
inserted aro in ciontae-t with water. Swit(4i- 
iiig on the current in an emi)ty bath Ini- 
modiatcly results in the destiucdion of the 
heater and of the pocket. The dissipation of 
energy is materially assisted by making the 
])ockets of copj>or so thin that the pre^ssuro 
of the water in. the bath collaj)aoa the poeke^t 
on to the heaters, and the life of the heaters 
is prolonged by attention to this detail. In 
ordinary use a carefully made heat(u* will 
last many months. In some cases b(>at(U’H 
have boon in continual use for over t\V(4vo 
months. Lack of attention to the points 
above nicntionod, or earolossuesH in c!onst,ru(^- 
tion, greatly reduces the life of a lu^ater, siue.o 
these aro being run so close to th<^ safe limit. 
Breaking down of the luMibu’, in gimeral, 
results from the slow oxidation of the wind- 
ing, causing hot patches to (U^velop. Anotb(»r 
cause of failure is due to the eondousation of 
moisture on the hoaiors, with eonscuiuont 
short-circuiting of sonic of the windings if 
the pockets are not perfectly water-tight, 
or from the air if the boater does not lit 
the pocket tightly. This is more espi'clally 
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noticoalde if a bfith is re|)eat('dly ('oohul t,o 
below the room temp(u’at/ur(^ by tlu^ aildition 
of icc. Details of the size of li('a.t(U‘H 
employed aro shown in the a,eeompa.nyirig 
figure, and eacdi half of tlu^ IkmiUu* should 
have a resistaiKui not k'HS than 25 ohnis for 
use on a 100- volt eirenit. 

Two methods of control of tlu^ eurrmd- 
through these heaters ari^ employiul according 
to the (dass of work for whick tlu^ ba.tliH an^ 
used. For ordinary (^asi^s it Hulli(U‘H to be 
able to Hwiteh on a full load in onhu' to raisin 
the tciinperature of tlu^ bath rapidly from 
one j)oirit to tb(^ lULxt. On ap[)roaehing tln^ 
desired point tins rato of Inhaling is nahuaul 
by cutting out six of the eight JuuiUu's. On 
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reaching the temperature another heater is 
cut out of circuit, leaving only one. This last 
heater has a resistance in series with it so 
that the current may be adjusted to such an 
amount that the heat lost by radiation, etc., 
is just counterbalanced by that' supplied 
electrically. The value of this current varies 
of course with the temperature at which the 
bath is being maintained, and with the sur- 
rounding temperature, and a small ammeter 
is provided to assist the operator in adjusting 
the current to the 
requisite atnount. 
The value of the 
current varies with 
the capacity of 
each bath, but it 
will soon become 
possible to esti- 
mate the current 
required to hold 
the temperature 
steady at any 
point. Fig. 20 shows the electrical connec- 
tions for this case. 

Each bath has a slightly different “ lag ” ; 
that is to say, the rise of temperature which 
takes place when the second heater is cut 
out of circuit is different for each bath. It 
amounts to 0*02° to 0-04° 0,, and consequently 
the second heater has to be switched off at a 
temperature lower by this amount than that 
at which it is desired to adjust the bath. 

For the testing of precision thermometers a 
rather finer adjustment of heating current is 
necessary, and a method is employed by 
means of which the heater units may be 
connected to the supply circuit in series or in 
parallel or in a combination of these two ways, 
in this case also the external regulating re- 
sistance is employed in conjunction with one 

of the heated. 

Use IS made 

of a p a r- 

ticular type 

Main tumbler- 
switch having 
three positions. The central position is “off,” 
while in the other two positions connection 
may be made to the positive -or negative side 
of the supply mains as desired. Fig. 21 shows 
the connections required. One or two typical 
examples will be given to show how the 
heaters may be connected. 

(а) If the switches are connected alternately 
to the i^ositive and negative mains, all the 
heaters will be in parallel on the 100 - volt 
circuit. 

(б) If the two end switches are connected 
to the positive and negative mains respectively, 
the intermediate switches being left in the 
“ off ” position, all the heaters will be con- 
nected in series across the mains. 



Fig. 21. 
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Fig. 20. 


(c) If switch No. 1 be connected to one 
pole, and switch No. 4 to the other, the remain- 
ing switches being “ off,” three heaters only 
will be connected in series across the mains. 

(d) As an example of the combination of 
the two, if switches No. 1 and No. 7 are 
connected to one pole, while switch No. 4 is 
connected to the other pole, the remainder 
again being “ off,” there will be two sets of 
three heaters in series connected in parallel 
across the mains. 

Numerous other combinations at once 
suggest themselves, and serve in conjunction 
with the regulating resistance to obtain a 
fine adjustment of current to enable the bath 
to be kept steady at any point in the range 
from air temperature to 100® C. 

With regard to the regulating resistances 
employed, these are of about 100 ohms resist- 
ance and are wound in steps with wire of 
graded sizes ; the smallest wire is large 
enough to carry a maximum load of 1 ampere, 
since this is the maximum current obtainable 
when most of the resistance is included in the 
circuit. When, however, the resistance is 
mainly cut out, a current of nearly 4 amperes 
is being passed, and the coarser wire at this 
end of the rheostat must, therefore, be capable 
of carrying 4 amperes. 

With regard to temperatures below the 
temperature of the room the bath is cooled 
by the addition of ice, and for most practical 
purposes the rate of rise of temperature is so 
slow that no special means are required to 
cool the bath continuously, though this could 
be done by means of a cold brine circulation. 

Other tests below air temperature are carried 
out in vacuum vessels such as will be dealt 
with later. 

(ii.) Comparison of Thermometers above 
100° G . — For comparison of thermometers 
above 100° C. water can no longer be used, 
and recourse has to be had to other llqinds. 
For the range 100° to about 200° 0. cotton- 
seed oil affords a suitable medium ; this oil 
when now is rather viscous at air tempera- 
tures, but becomes fluid at temperatures above 
•100° 0. Continued use of the oil causes it 
to thicken very considerably, but the increase 
of viscosity above 100° C. is not sufficiently 
marked to interfere with the efficient circula- 
tion of the liquid until it has been in use for 
a long period. Mineral oils of high flash-point 
may also be used up to 300° C. Cotton-seed 
oil cannot be employed as high as this, as 
continual heating above 200° C. causes de- 
composition and charring of the oil. 

The type of bath used is similar to those 
used for water in that two vertical tubes are 
joined top and bottom by cross-connections. 
Copper tubes are employed, and the connecting 
tubes are brazed. At the Laboratory gas- 
heating is employed, although oil baths could 
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be licated electrically if desired. Stirring, as 
before, is obtained by circulating tlio oil by 
means of a propeller carried in the smaller 
tube The bath itself is enclosed in a shoot- 
iron doiildc box lagged on the outside with 
magnesia lagging. Both tho vortical tubes 
are contained in tho iron b(jx through which 
the hot gases from the biirnora circulate, as 
otherwise a temperature gradient will exist 
in the tube in which tho thermomotors are 
supported. This tube is preferably lightly 
insulated with a layer of asbestos cord to 
prevent local variations of tomperaturo. Tho 
speed with which observations can bo carried 
out with gas-heated baths is lower than with 
those heated electrically, and tho accuracy 
of adjustment of the tomperaturo to any 
desired value is not so great owing to tho 
larger amount of lagging on those baths. 
With a bath of this typo it is of course im- 
possible to provide a window through which 
the instruments are viewed, so that all ob- 
servations are taken with the thermometers 
so placed that the mercury column is just 
visible over tho cover of tho bath. This 
condition of full immersion is only attained 
if the oil level in the bath is maintained so 
that the oil touches tho under surface of the 
plate supporting the thermometers ; expan- 
sion of the oil is allowed for by tho intro- 
duction of an overflow pipe just below this 
level ; the overflow pipe is carried to the 
bottom of the bath through tho heating 
chamber ; surplus oil is discharged into a 
suitably placed recei^taclo. If the overflow 
pipe is carried outside the bath, diflicultios 
arise owing to the cooling of the oil and partial 
stoppage of the flow. A stopcock at tho 
bottom of the bath serves to empty it periodic- 
ally for cleansing, etc. Comparisons of ther- 
mometers should always be carried out at 
successiv^ely higher temperatures, so that it 
suffices to fill the bath at the beginning of a 
set of comi')arisons. The overflow device then 
ensures that the oil level remains at the 
desired position. 

Tho thermometers are immersed directly 
in the oil and supported in the manner pre- 
viously described ft)r precision instruments. 

For tem])eratures of the range 200° to 450° ( !. 
a salt bath is employed, the most satisfactory 
medium ])eing a itiixture of equal parts of 
sodium and ])otassiiim nitrates. At a tcm])cra- 
tiire of 200° Ct the sails ])rovidc a sufficiently 
fluid medium for efficient circulation. Tho 
bath holding this mixture is again of tho ty])C 
above described, but is cast in one piece in 
iron in order to withstand tho higher temx^cra- 
tures to whicli it is submitted. iJoating is 
carried out )>y gas as in tlic case of tho oil 
bath, and the hath itself is contained in a 
similar sheet-iron box l)y means of which it 
is licpt surrounded by hot gas. It is very 


imj)ortant that the luxating ol t'iu^ salts should 
bo started at the toi) of tlio bjdh, sincH^ the 
mixture expands on luviliug. ll iKsat ing, and 
eonsociucntly fusion, is Ixgun at- th('i bott-om 
t)f tho bath,'fraetui'o of tlu^ V(\ss(‘l Is ituwitabh^ ; 
])ut by hoaiiing at tho top in tlio lirst iusta-iu^o 
fusion commene.os at tho (exposed surface and 
extends downwards. Stirring may he started 
in tho nciighhourhood of 1H0° (I As in tho 
case of tho oil bath, an overflow is pievidod 
to allow for tho expansion of ilu^ lujuid, 
together with a tube by moans of whi(‘.h i-h(‘ 
bath may be filled at the beginning of a H(4< 
of comi)aris()ns. Botails are shown in tho 
accompanying diagram, Jfig. 22. 

Tho thermometers thomsolves are not im- 
mersed direct in the fused salts owing to tho 
slow attack ot tlio glass which would result 
if tho instruments wore in contac^t with this 
medium. It is thoroforo necessary to pi’ovid(5 
tubes dijqiing into the liquid and in whieli 
tho thermomotors may he plaoc'd. Tlu^ tulK\s 
are thin solkl - draw'll stool, in tho lowc'r 
ends of which plugs are 
welded. Tho tulios arc jl 

carried by tho top plate r - "’ 1 111=3 

of tho bath, and are of 
different sizes to accom- 
modate instruments of 
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varied diameters, 
thermometers lire 
mevsod in tlie small- 
est tube into which 
they will con- 
venicutly enter, and 
a small disc of 
asbestos card slipped 
on to tho stem of tho thormomefor pnwixii-s 
midiio circulation of air into tlu^ with 

consoquont local cooling. Tubes not in us(^ 
are closed with a plug of asbestos wool for 
the same puriioao. 

In addition to tho above baths for tho 
comparison of ihormomeiers oveu’ the range 
above 100° Ct it is frequently eonviMiuxif to 
determine tin’s correction at a limil-ed mimIxM’ 
of ])oints withoifl- (lari’ying out tln^ n-bo\'e 
routine. Recourse is f-lu’'n luid to a vi’ry 
simplo typ<' of vapour bat-h, in which a,ny of 
tho following suhstances ar(^ usixl : anilimv 
naphthaleiH^ henzoplKmom^ orsiilfihur; <vich 
Huhstanee requires a- separali' pu'ce of appa- 
ratus, the eonstrmd.ion of which is shown 
in 23. d1ie ba(.h itsi'lf consiHliS of a 
length of iron tubing, If in. to 2 in. in diarneiii'r, 
closed at tho lower (mhI by a- (^ap which may 
bo welded on or men^ly sc’.n'.wtxl, using a-sIx'stoH 
fibre pac-king. At f-hi^ upper (xul (-his l-ulx^ 
is ])rovid(xl with a T-pi('C(^ and rigld-aiighxl 
bond as sliown ; ilu^ Ixmd (uirih's a sixsond 
length of iron tulx^ aliout, 1 in. in dianudoi' 
or a tub(‘. of hard glass i.o servi’i as a. comhmser', 
wliilo the thermometers under obsiu'vat-ion 
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are supported in the vapour through the 
stiuight part of the T-piece by suitable means. 
The thermometer itself may be immersed 
directly in the vapour, or may be protected 
from it by provision of a thin steel tube as 
in the case of a nitrate bath. The main tube 
is lagged throughout its length with steam- 
pipe lagging, with the exception of about 
6 in. at its lower end. The whole is supported 
on a convenient stand above a gas burner. 
The condenser tube is not provided with any 
lagging, as it is cooled by exposure to the air, 
thereby serving to prevent loss of vapour, 
which condenses in the tube and runs back 
into the main of the ax:)paratus. These 
vapour baths are ordinarily about 3 ft. in 
length, but owing to their simple construction 
may easily be built of any size to take instru- 
ments of abnormal length. One set of tubes 
at the Laboratory is over 6 ft. in length, and 
is used for the examination of the very long 
mercury thermometers sometimes employed in 
industrial operations. In using 
these baths, sufficient of the 
material is introduced into 
the tube to fill it with vapour 
when heated ; a glass con- 
denser tube is convenient, as 
the height to which the vapour 
rises may be readily seen, and 
in consequence it is known 
whether the main tube is com- 
pletely filled or not. Further- 
more, care must be taken that 
sufficient material is avail- 
able, since if all the substance 
be vaporised, sui^erheating will 
however, will not happen so 
hmg as there is some unvaporised material 
present. 

The thermometer under observation must 
bo suxjported in the tube, so that its bulb does 
not roach the unvaporised material. 

The tomx)orature to which the thermometer 
is exposed is given by the boiling-point of the 
substance used, but in this type of apparatus 
it is preferable to rely on the readings of a 
standard thermometer interchanged with the 
tost thormometer, since with this simple type 
of apparatus it is not always possible to 
ensure that im}mrities may not bo introduced. 
Accurate observations of the boiling-point of 
such a substance require more elaborate appa- 
ratus.^ 

Table VIII. gives the accepted boiling-points 
of the above substances, wdth the variation in 
boiling-x)oint with x)rcssure. 

For very small thermometers such as are 
sometimes employed in chemical observations 
another type of vapour bath is of service. 
This consists of a glass tube surrounded by 

^ Uefer to Sulphur Baths in article on Besistance 
Thermometers,” § IC. 


Table VIII 


Substance. 

Boiling-point oix Thermodynamic Scale. 

(p = Presauro in mm. ot Mercury.) 

Aniline . . . 

Naphthalene . 1 
Benzophenone ! 
Sulphur . . j 

183-9 + 0-051(2) -760) 

217-9 + 0-058(p- 760) 

305-9 + 0-063(p- 700) 

444-5 + 0-0908(2) - 7C0) - 0-000047(2? - 760)= 


an outer tube through which vapour may be 
circulated. The vapour is produced by heat- 
ing a liquid such as aniline by means of a 
small electric heater at the base of the jacket. 
The upper end of the vapour jacket is con- 
nected through a condenser to an air reservoir, 
the pressure of which may be varied above 
or below that of the atmosi:)hero. In this 
way the corresponding temperature of the 
vapour may be varied over a fairly wide 
range. A manometer attached to the air 
reservoir enables the pressure to be read, and 
gives an approximate indication of the tem- 
perature of the vapour. The temperature to 
which the thermometer is exposed is given 
by the reading of a standard thermometer 
side by side with the thermometer under test. 
The thermometers are supported in the inner 
tube by means of a rod passing up this tube, 
and the bulbs of the thermometers are pre- 
ferably inserted in a block of copper the high 
conductivity of which ensures that both in- 
struments will be at the same temjDerature. 
Condensation of the vapour in the jacket is 
reduced by surrounding the jacket with thick 
rings of felt ; these may bo moved up and 
down the outer tube to allow the readings 
of the enclosed thermometers to bo seen. 

(hi.) Low - range Thermometers, — Thermo- 
meters may be comx')ared below 0° C. by im- 
mersion in a mixture of ice, salt, and water, 
which may be contained in a lagged vessel 
to prevent too rapid a rise in temperature of 
the mixture, and this must be stirred continu- 
ously during the observations. For observa- 
tions of high precision it is desirable to use a 
bath the temperature of which may be more 
accurately controlled ; this may bo obtained 
by the use of acetone or ether contained in a 
vacuum vessel (not silvered) and cooled by 
the introduction of carbonic acid snow ; by 
this means temperatures as low as -80° 0. 
are obtainable. The liquid must he free from 
moisture, as otherwise at these low tempera- 
tures the moisture would separate out as ice 
crystals and render it difficult or impossible 
to take readings of the thermometers immersed 
in the bath. The liquid must he stirred con- 
tinuously during the observations ; this may 
be done by bubbling air through the liquid, 
but a more satisfactory method is to circu- 
late the liquid by a propeller enclosed in 
a thin brass tube. This tube has openings 
at the bottom and near the upper level of 
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the liquid in which it is immersed. Rotation 
of the propeller lifts the liquid in the brass 
tube and discharges it at the upi:)er orifices ; 
fresh liquid is drawn in from below. Coinploto 
circulation is thereby effected, with consequent 
uniformity of temperature. The brass tube 
serves as tlie support for the standard thermo- 
meter and the thermometers under observation, 
while a small electric motor carried at the upper 
end of the brass tube rotates the propeller. 

The rate of change of temperature in a 
well-exhausted vacuum vessel is quite small, 
so that readings may be taken to a high 
degree of accuracy with such a device. Cool- 
ing of the liquid is effected by adding carbonic 
acid snow, while raising its temperature may 
most easily be carried out by removing a 
portion of the cold liquid and replacing it 
by liquid which has been exposed to the 
temperature of the air; for this purpose the 
tyjje of vacuum vessel provided with an outlet 
at the lower end is useful. A small electric 
heater immersed in the liquid would also servo 
to raise the temperature. 


THERMOSTATS 

Thermostats may be divided into three 
classes : those for use at (1) low temperatures 
(up to about 100° C.) ; (2) medium temj)cra- 
tures (100° C. to 350° C.) ; and (3) high tem- 
peratures (above 350° C.). These divisions arc, 
of course, arbitrary, and in many cases the 
same instrument can be used for any tempera- 
ture above that of the atmosphere, though, in 
general, it will be specially suitable for one 
particular range. In general, also, it is true 
that instruments suitable for the higher tem- 
peratures are less accurate than those which 
will only work at the lower temperatures. 

The number of forms of thermostat is great : 
it ^vxH not, therefore, bo possible in this article 
to do more than refer to one or two pieces of 
apparatus t3q)ical of each of the classes men- 
tioned above. 

" § (1) Low Temperature Thermostats. — 
The most important of these instruments is 
the toluene thermostat. This consists, osson- 
tially, of ' a glass bulb containing toludno, 
which is immersed in a bath of water or oil. 
Vessels containing the substance whoso tom- 
pcratiiro is to bo kcj)t constant can be sus- 
pended in the ])ath, which is heated eitJier 
elcctiically or by means of a gas llamo. The 
expansion of the toluene with rise of tompera- 
turc is made use of in various ways, some of 
which are described below, to rcducio tbo gas 
supply, or the current of clcctricdty. This 
causes tlio bath to cool slightly, which ])r<)- 
ducics a contraction of the toluene, with a 
corresponding increase in tho sup])ly of boat. 
The voasol containing tho toluene has as 



large a surface as is eonvoiiic'iilly possibl(\ a,u(l 
usually takes the form of long spiral, or of 
a seiies of bulbs joined togc'l.Inu*. AbV/. 1 
ro})r(‘SontM a eominou form of n'gulaiior for 
controUiug a gas - b(‘ai'{'d tln'i’inosl-at. (las 
enters by the tube A and pn*HS<‘M out by the 
tube B leading to th(^ bunuu’. d'ln^ (expansion 
of the toluene in the bulbs (HI, whieli takers 
X)laoe when llu^ t<'mporatm’(^ ris('H, force's the 
mercury up the tube I), until iilu'i exiti of A is 
closed. A by-pass or pilot j('t pr(^v(Md'S th(^ 
gas from being eornpk'tely extinguislKsI, but 
is too small to maintain tlu^ bmqxu'atnre of 
the bath, wbieb therefore cools, eausing the 
mercury to descend in tho tube and admit 
gas to tho burner again. A side tulx^ M, 
furnished with a tap, (^nables tho height of the 

mercury in 1) 
to Ihs altered, 
thus altxu'ing 
the (i(Mup('ra- 
tun^ n,t whi<di 
the balh is 
run. A more 
Honsitive form 
of adjustment can ho made 
by dispensing with tho tap 
and ’closing tho top of tho 
tube E with an air-tight 
rubber bung, through which 
a glass pIung(M* pass(‘H and 
dips into the nnu’enry. Tho 
diameter of this plungin’ is 
not much 1 (hm (ban in- 
tiU’nal diatnct<n' of tln^ tube M 
By raising or lovvi'ring the 
plunger, tile height of (ibe 
mercury in both tulx^s can 
Tig. 1. bo regulated. The space bo- 
tweoii tho mercury and the 
bung in tho tube is filled with a mixtun^ of 
water and glycerine, wlucdi serves to oxeludo 
all air and to lubricate the plungcu'.^ 

For use with an clecitiically boated bath 
tho tubes A and B are rennovi'd, a ])latinum 
wire is scaled inl.o I), in juiy conviMiicmt 
]X)siti()n, and a sec<ind platinum wiiv, onx’ri(Ml 
on the end of a seunvcxl rod, ropknx’H (Jie 
tube A. The \vir(\s an^ in sinfi's wii h a sourtn^ 
of oloctrie curnmt and a r(da,y, tln^ circuit 
bring (X)mpleted wlnm tb<^ nunxmry mak(‘H 
contact with the scHxmd wins vvhos(^ position 
is aocurahdy adjusticxl by nn'ans of tln^ SiU’inv. 
Tho relay switches on and olT tln^ landing 
current for the bath. In sonii' (iaw's, vvh<n*(^ 
only a small curnnit is being us('d for ktxqiing 
up tlio temperature of the l)ath, it is possible 
to dispense with tho relay and l)r(nik tln^ 
heating (uirront dinndfy. 

A .modification of this nuThod of switohing 
off th(i current is as follows.- Oti top of tln^ 

^ Klator, aVw. Chm. f/HfUHlri/ P.)!!, xxx. (ll. 

“ OummIngH, Jj'mtdmj Hoc . Tmna ., .1011, vJl. 2r>!{. 
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rut'nuiry iii 1) (loat-H a pliuip^or, carrying a 
V(M’(ii(^aI (ifir<^a(l(Hl rod. '^IduH rod panHCH li'hrougli 
a (IjU. Hpriiig, aii<l <^ai'rioH a uut which deproHaos 
Hpring wiu'u Mu'! in(U’(on'y Hiiiks in the 
liiiho. 'IdiiH (doH(‘H tilu^ oircuiii tlirough tho 
r(day, and, on iln^ nuM’o.ury rinirig again, ami 
lining IJio lloals die npriiig nniponH the cir- 
(unt. 'PhiH apparatuH han iho gri'at advan- 
tage (fliati no ouri’(^ut m broken on the Hiir.faeo 
of iihe iiUHnniry, which, tluTcforo, keeps clean 
for an indclinid^ time. .Fouling of tho mercury 
hy (iIh^ spark is a seriouH jirohlein in electrically 
conlirolh^l aptiaratuH, thougli the uho of a 
condiMiHer, in ])arallel with tho contacts, 
iHuluec'H iih(^ Hjiark vovy eouHiderably. 

ThtM’(^ are many other typos of regulator, 
d’h(^ r('ad<M' int(M’(\st(Hl will lincl other oxamplea 
d(‘H<Tlh(Ml in ddiorpiPs />ir.tlom7'y of A2>pUcd 
( Uivinidt'if^ 1011) (‘dition, v. 4()2, mid varioua 
ai'lieh'H in Mu^ Tranmrlioufi of the Faraday 
AorlHy, tli(' Journal of Phy,Hl<'.al (JIinniiMry, 
and othm' pmiodii'als. 

When th(' hath is electrically heated, this is 
fr(^(|U(mtly done hy nu^uis of lamps immersed 
in th(' li(|uid, a convenient form of heatiw being 
a lamp with a voiy long stiimi wliieh is brought 
aliove the hw(d of i.he Ihjiiid, thus enabling 
di(' comuHd.ions to Is'i k(^))t dry,*- Bare wiro 
huiS also h(‘(Mi mod in the hath, while in some 
cast's tln' wire is wound round the containing 

Vt'HHt'h 

It is of the utmost importance that the 
hath shouhl be kept well stirred ; tho most 
suitable arrangeimmt is one which produces a 
(unuilatitiii from tfie heater towards tho bulb 
of the rt^gulator.*^ 

Various luiuids have betm used in jilaoo of 
iohicue ; amongst othtu's may bo mentioned 
bt'iiztMie, alcohol, and paradin. 

With a toiut'iie thtumioslat it is a matter 
of ease to kt't'p die tempt'rature of tho bath 
eonsiiant to 0*01" ()., while it has hecsii claimed 
tludi coi'tiain forms c.aii be arrang<vl to kcsc’ip 
a ('Cmp(‘raiiiUi’(' steady to h'ss thanO'OOl" (1. for 
H('V(U’al days. 

§(2) Mnninivi dh<iivii‘muTnRn Tukhmostath. 

‘ ddio toluene type of thewmostat can be 
adapted foi* nuMlium dmpxu'atures (say up to 
1150" (1.) hy using, in the regulator, a lupiid 
liaving a Huniciently high, boiling-point. JVler- 
cury at once suggesi/s itsc'lf fortius jmrpose, but 
It has sevi'ral disadvantages. Its highspocilic 
gravity makes it neex^ssary to use stroug- 
widhxl containing vessels, and tins causes the 
icmpiu’atiire of the mercury to lag behind the 
tempm'ature of the hath. In addition the 
dilatation of mercury is much less than that of 
iohuMus (be figuri^H expmssing tho inerease in 
volume of one litre for one degree rise of 
temperatui’o lu'lng OdH e.e. for mercury and 
M, e.e. for tohu'TK'. In spite of these draw- 

^ Fmalmi Sor. Traiin,, 1011 , vU. 240 , 

“ Jbi4, 202. 


backs, mcreiiry thermostats have been of con- 
siderable use, a very simple form, to be em- 
ployed with electric boating, consisting of a 
niorcmy thermometer with a jiair of wires 
sealed into it at suitahlo points. Such a 
regulator can, of course, only bo used at a 
single temperature, and is not very sensitive. 

More satisfactory results arc obtained by tho 
use of the dilatation of solids. It is possible 
to construct a very sensitive diffei'cntial ex- 
pansion regulator, liy riveting together a 
striji of invar and a strip of another metal, 
such as brass, which has a high tempera- 
ture cooHicicnt of expansion. Such a strq:) 
will bend with change of temperature, and, if 
clam])od at one end, tho movement of the 
other end (suitably magnified, if necessary) 
can 1)0 made to operate a relay for regulating 
tho sup])ly of gas or electricity to a furnace. 
A dcscri])tion has been jmblishcd of such a 
furnace, in which an air space of about a cubic 
motor capacity, heated electrically, was kept 
at a temperature of the order of 200° 0. with 
an accuracy of within 0*1° C.^ 

A similar ty])o of thermostat was devised 
by Gumlii^h’^ in Avhich the bimetallic strip 
was curled into a large spiral and actuated 
an electro magnet which controlled the gas 
Hup])ly. In this case tho stri]) was not housed 
in the space that was required to remain at a 
constant tomporaturc, but in a small vessel con- 
nected to tho same gas supply. The electro- 
magnetic valve controlled tho gas supply both 
to tho furnace and tho vessel containing the 
strix). An accuracy of 0‘5° C. at 100° 0. is 
claimed for this apparatus. 

Another typo of thermostat, which is best 
oousidored among those working at moderate 
tomi)C‘.raturcB, is that depending on boiling- 
l)ointH. There arc oxaini)lc3 of such apparatus 
which can work at low temx)cratures, and 
others which can l)o used at high tomxieratures, 
hut tho greater number work between 100'° C. 
and 400° ( 1. They depend upon the constancy 
of the boiling-point of various liquids. This 
constancy is made use of in two different 
ways: (1) A bulb filled with tho liquid is 
placed in the bath or furnace whose tempera- 
ture m to bo regulated, and is connected with 
a tube containing mercury, or with a cylinder 
in whicli a piston moves freely. When the 
temperature roaches tho boiling-point of tho 
liquid, tho ra])id rise of pressure, due to the 
cwolution of vax)oiir, movos tlio xiiston and cuts 
off tho gas supply or tho current. With fall 
of temj)eraturo, and consequent condensation 
of the vapour, tho gas or electricity is turned 
on once more. (2) ''.riio specimen, whoso tom- 
I)erature is to be controlled, is suspended in 
the vapour arising from tho boiling liquid. 

“ Payiim*, Faraduji Hoe. Trata., 1011, vii. 2()2. 

* ( 1 uiuli(‘.h, Zi'itu, Mr I nHlrimmUrnkwide, J 898, xviii. 
21.7. 
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This vapour is led to a condenser, and the 
liquid is returned to the boiling vessel. 

Both these types of thermostat suffer from 
the disadvantage that they arc slightly affected 
by changes in barometric pressure, and by the 
more serious disadvantage that, working at 
atmospheric pressure, the number of tempera- 
tures attainable is very limited. By an altera- 
tion of pressure it is possible to increase the 
range of temperatures ol^taiiiable, hut this 
introduces serious complications. An ingeni- 
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ous apparatus, which avoids these diilicidties, 
makes use of the fact that, in boiling a mixture 
of liquids, the concentration of the vapour is 
different from that of the liquid, and, con- 
sequently, if the vapour is allowed to escape, 
the boiling-point wdll change continuously. 
The apparatus is shown diagrammatically in 
Fig. 2, where A is the vessel in which tlic 
^ mixed liquids 

are boiled, and 
B is a pipe 
leading the 
vapour through 
the condenser 0. 
As long as the 
tap D is ox)en, 
the condensed 
liquid flows 
away to the 
receiver E, and 
therefore the 
boiling-point of 
the liquid in A 
continues to rise. When the required tem- 
perature has been reached, the tap D is closed, 
with the result that the condensate is returned 
to A, thus keeping the concentration, and 
therefore the boiling - point, constant. The 
specimens to be heat-treated are suspended in 
the vai)our in A. 

§ (3) High Temperature Thermostats. — 
The problem of obtaining a steady high tem- 
perature is much more difficult than the one 
of keeping a constant low or medium tempera- 
ture. In a feiv isolated cases it can bo done 
by the use of boiling-point methods, hut the 
number of tenijieratures w'hich can be got in 
this way is very limited. Tlie expansion of 
molten tin has als(^ been used in an ap]>aratus 
similar to that 'vvluch employs the cx])anHion 
of mercury as the thermostatic medium, but 
there are manifest inconvenionces in using a 
substance -which is not lupiid at ordinary 
tem])eratures. An apparatus has also boon 
devised in wliicli the current from a tlicrmo- 


couplo is arranged to control the tomperatiire. 
The current is led to a milliammcter, on the 
scale of which ai'o two metallic blocks separated 
by a sheet of mica. These blocks can bo moved 
over tliG scale so as to j)]ace the mica strip 
below^ the position occupied by the j)oiuter 
at any desired temperature. At regular 


intervals the -[lointer is depr(Hs(‘(l by clock- 
work, and, according as l.lu^ f.iMnjHU’atiurc is 
above or below that for which ib(' instrunu'ut 
is set, makes contact wilh on(‘ or otJim* of 
the metallic blocks ; th(\se> and (h(' poiiilin* 
arc electrically (M>iincci(Ml wilb ai ivlay in sink 
a way that resistauei^ is cut into or oni. of the 
furnace circuit a(uu)rcling to wliicli of i\u^ con- 
tacts is made. Tlio tinnperatun^ is fhus con- 
trolled at regular lime infervids, and fh(^ 
amount it varu'is will thc'rcforc (h'piMul on the 
rate of heating and cooling of tlu^ furnace. In 
])laco of the thermocouple, a platinum n^sisi- 
anco and Wheatstone bridge can, of course, bo 
msed. This apiiaratus has only nu'cntly been 
described, and, as far as tln^ wriiicu’ is awans 
has not yet Ix'cn used to any givat o.xtont, 
but it ap])oarH to bo promising as a method 
of controlling largo (u>mm(u'e.ial furnac.i^s which 
only change slow'ly in temperature, and wher(> 
variation of a few dcgrci^s is not of gnxit 
importance. 

The use of the expansion of a gas in a rc^gu- 
lator of the toluene type was early triixl. 
D’Arsonval constructed a thermostat in which 
the expansion of air in a bulb in tlie furnace 
was communicated to a vessel similar to the 
capsule of an aneroid barometer. The motion 
of this capsule was used to work a relay for 
controlling the gas supply to the furmu'c. A 
similar arrangomeut is described by Mi^llor ’ 
for use with an electric furnaces the expansion 
of the air operating on a column of nuu’cury 
which is arrang(^(l to work a r<kiy. This 
controls the current to the furnace. With 
Mollor’s a])paratuH, an accuraivy is claimed of 
10° C. at 400° 0. and 30° 0. at 700^’ (I 
Both those forms of insinunent sulTm' fi'oin 
two disadvantages. In the lirst 'plat‘.o, tlu^ 
bulb, being inside the furnace, responds 
more slowly to changes of temperaturo 0 
than docs the furnace itself. This per- I 
mits of wider fluctuations in tempera- " 



Fin. 3. 


tare of the furnace Ikan ai’(^ dt'sirabh'. 
^eeondly, the aiipiu-atus is sinknisly alhuihxl 
by changes in barometric pri'ssun^. A form of 
gas thermostat wliich avoids tluw^ disadvan- 
tages, and which has (uu'tain oilKc advantagi'S 
peculiar to itsi'lf, is illustratiMl in /'Vf/. 3. 

The furnace itsidf “ c.onsists of a doublt^- 

^ (Uau (md Pot.hrfi I iKfiiMnrn, p. I33. 

» /m. of Fldalft .1015, xlv. 115, and 1017, 
xvUi. 173. 
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whIKmI Hilica whoHc'i imun’ npaco in to 

lx*' inainttviiH'd at a couNtiauti ioiuperaturo. 
'riu^ voluiiK' h(dav(M4i the I, wo vvallH m 
with aii\ and rouiul tlio outer wall Is a wi^din^^ 
ol niolji'ouu') ” oi' (dih(u* rosistaiioo wire. Tlio 
whole is Huitiably IaL!;i[i:(sl. Idio air-sjmoo be- 
iavtsMi (li(^ walls of thc! fui’iuuio eolunlur^Li(^at('^ 
wilb a U-tiib(^ contain in, ni(M*cin*y, and tho 
(>\(>n.nsioii and conti’action of tho air with 
chanij:*^ of tcMupcnituro c.ansoH a rise and fall 
(d thc nuu'oury. 'rids ina.kc‘s and breaks tho 
ciiH'.uit throitid' '■»» nday, which outs resistanco 
into and oui. of tJu'* furiiacH^ (irtiuit. Siiioo 
tlu't (a)ntrollinf^ nuMliuin (n,ii’) is ladaveoii tho 
luMdfni? wii‘(' and t.lu^ oonstanl. tomperafcuro 
spao(\ tho (luctuatiouH of i,('inp('.ratur(^ of this 
aJr will bo jip’(\'i.tcr tihan those of t.ho fiiniaco ; 
l-his <Mial)l(\M lilu’' latter t'O run at a very steady 
(i(nnporM.liur('. d\> prot(H‘t tlu^ a))j)aratuH from 
chaii'u^s in baronudj’it*. pimsuro, tho limb of 
tht' U-tid)(’i not alitaclnsl to tlu'i furnace bulb 
is eonn(H'.t('d with the short side' of a syphon 
bn.i‘ofti(di('r. expansion or eontraedion of 

t.h(^ Uiir ih tiu' bulb is transiniltc'd t.hroujLJih the 
tneixMiiy in tlu-i (control tub(^ to I.Ik' nuu’enry 
in the baronu'tiM', which thus risers or falls 
with nli.(M'alb)n of Inupxu’atun' in th(‘ furnace. 
Wbl'liMUeh Si l'urnju'(‘, wound with nie.hronu^ wire, 
ill is possible to a.tta.in a (i(unp(U’atur<M)f 1000" (k 
an<l iio inaiuliUiin it constant within I TMl. 

Such a tluMMuostat func.tions by kcejuniL^ the 
nusan volta^^o on the furnacu' terminals at a 
(hdinite valu<\ ^rins value is such that the 
luMdi input, due to tho eurnuit produced in 
t.lu' furnaiu^ by <.ba.t voKia^cs is just snlTicuont 
to ('otnp(MiHali<^ for radialiiou and other heat 
losH(^H, It follows iili(U’(‘fore that, given a 
HtMU)ud furiuuus which will ho alTected by 
tdiang(w in room t(unp(u’fituro to the same 
{‘xlent as Iho thermostat fnriUK'e, and con- 
lUMd ing if in parallel with tlie terminals of tho 
tlusunostat furnao.<\ hut iu s(u'i(^H witli its relay, 
r<‘siHliaii(S‘H, <it<?., the t(unp<u'ature of the second 
furmuM^ will bo r(‘gul;ited at tho sanu^ time as 
thfd- of th(^ (irsii. Nor is iluu'e any theoretieal 
limit to l.ii(^ miinl)(M‘ of furuaees wbhdi can bo 
run in tins way. 

In e.(U*tain in v<'s( igat.ions, particularly those 
thmiling with nudialUo. (Hjuilibria, it is advan- 
t,a,'!;(M)UH (lO b(’i able to lusit or (^ool specimens 
at a. Kt<Midy often very slow —rate. With 
the a[)pai‘aitus just (hwerilxHl i-his is a matter 
<d' eoasiderabk^ caiH(‘ All that is necessary is 
tn provitlo nuMUiH for gradually lowering the 
pr('SHur('i in the Uipparatus on tfie furnae(') side 
of tlu^ U-tube for slow heading ami on the 
bjiii’oimdiiM' siih*! for slow (U)oling. ddns is best 
<lonc by imsbim of Ci bulb immerstsl in hot 
waler or oil, contained in a tlu^rmos flask or 
ot.her v(‘SS(d. Ky albaung tlu' size of the hull) 
ov tlu^ r}it(^ of (fooling of tlu^ ruiuid, it is possible 
tio obiiain ratios of heuiiiing or cooling of the 
furnace from I'M^ p<‘r day upwards. For 


convonicnco two bulbs are- sometimes fitted, 
one of which, for slow heating or cooling, is 
immersed in water in a thermos flask, while 
the other, for quicker changes of temperature. 



is in oil in a vessel which carries a winding, 
by moans of which the (Dil can be heated 
electrically. Fig. 4 illustrates such an ap- 
paratus diagram rnatically. The relay used is 
the one described by Barr.^ j, l, rr. 

Thomson Effect, Definition and Thermo- 
DVNAMic Theory op. See “ Thermo- 
dyuamies,” § {(>5). 

Thomson, James, Ideal Isothermal of. 

See “ Thermodynamics,” § (59). 
Titounyoropt Belt - Dynamometer. See 
“ Dynamo motors,” § (4). 

TirROTTLiNQ, Nature and Effects of. See 
“ Thermodynamics,” §§ (32), (43). 

Tidal Power. See “ Hydraulics,” § (30). 
Tide Gauge. See “Meters, Liquid Level 
Indicators,” § (15) (ii.), Vol. HI. 

TrMiH 5 R Tests. Sec “ Elastic Constants, 
Dcicu’mination of.” 

Ball and Cone Hardness Method. § (131). 
Bendinu. § (128). 

Clcavability. § (130). 

(kmiprcssion. § (12(>). 

Crushing Tests on Timber along the Grain. 
§ (12G), Table 45. 

Density, Moisture, and General Conditions. 

§ ( 122 ). 

Determination of Toughness. § (129). 
Influence of Conditions of Tests upon 
Results. § (134). 

Resistanco to Abrasion and Wear. § (132), 
►Size of Test Pieces. § (124). 

Shear. § (127). 
hVnsion. § (125). 

Time of Rxt‘Losiok in Internal Combustion 
MNniNEs. See “ Engines, Thermodynamics 
of Internal Combustion,” § (66). 

Toothed Wheels. See “ Kineinatios of 
Machinery,” § (9). 

TdiUiEii Pump. See “ Air-pumps,” § (16). 
ToRRrcELi.i’s Pump. Sec “ Air-pumps,” § (15). 
Torsion. See “ Structures, Strength of,” 
§ ( 20 ). 

i Phifs. Soc. Trans., 1921, xxxiii. 53. 
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Torsional Strain Indicators : ^ (loRcription 
of various forms of apparatus. See “ Elastic 
Constants, Determination of,” § (55). 
Torsionmeters. See “ Dynamometers,” § (3) 
(i.) and (ii,). 

Ayrton and Perry’s. See ihid, § (3) (ii.). 
Hopkinson-Thring. See ibid. § (3) (i.). 

Total Heat. See “ Thermodynamics.” 
Constant in Throttling Process. § (32). 
Definition. § (31). 

Value for Ideal Gas. § (57). 

Value for Mixture. § (62). 

Wet Steam. See “ Steam Engine, Theory 
of ” § (14). 

Towers’ Experiments on Journal Eriction. 

See “ Friction ” § (26). 

Traction Dynamometer. See “ Dynamo- 
meters,” § (5). 

Tractor Dynamometer (National Physical 
Laboratory). See “ Dynamometers,” § (5) 

Transeormers, Hydraulic. See “ Hy- 
draulics,” § (62). 

Transmission Dynamometers. See “ Dyna- 
mometers,” § (3). 

Transmission op Power by Fluid Motion. 

See “ Hydraulics,” § (63). 

Transmission of Power by Friction : 
Theory of Belt Friction. See “ Fric- 
tion,” § (36). 

Triple Point. The temperature at which 
the three phases of a substance, solid, liquid, 
and gas, can co-exist in contact with one 
another and in equilibrium. See “ Thermo- 
dynamics,” § (41) ; Phase Rule,” § (4). 
Trouton, formulation of the law connecting 
the latent heat, L, of a substance with M, 
its molecular w^eight, and T, its absolute 
temperature, w^hich states that 
ML 

njr == constant. 

This law is true for members of the same 
chemical group, such as the hydrocarbons, 
but is not true for widely different substances. 
See “Latent Heat,” § (11) (i.). 

Trouton’s Constant, Values op, for different 
substances, tabulated. See “ Latent Heat,” 
§ (11) (i.), Table VII. 

Tubes, Protecting, for use with thermo- 
elements. See “ Thcrmocouidcs,” §§ (4), (5). 

TURBINE, DEVELOPMENT OF THE 
STEAM 

The following is a list of symbols used, some 
of which are cl o fined in the text : 

A==arca of crosa-scction of a no/.zUs or of a ring of 
nozzles (§ (9)). (Sqnar(‘ iiiclwH § (13).) 
a^coefheient (ij (13)), 
a = “ velocity ratio ” of a stage (§ (1)). 
d = moan over-all “velocity ratio” of a turbine 
(§( 11 )). 


DEVELOPMENT OF THE STEAM 

/j^-coiistaut ((‘quaiium (26), § (H)). 
c~~- sjgtl\^ldii; § (9), also e.oedicieat (eciuatiou (35), 
§(15)). 

c/=:ineau diainc'ter of blade-ring in ine.lu'H (equation 

(2), (D). 

5-000 file ic'iit (equation (30), § (16)). 

E— “curve” blading ellicu'ncy (§ (10)). 
c= efficiency ratio of a turbine (§ (15)). 

77a stage efficiency (§ (0)). 

77d -= diagram efficiency (§ (4)). 

/=principal stri'SH (§ (15)) and ixTiodicity (§ (17)), 
( 7 -gravity. . , , 

7 = indi'X in isiaitropio law of expansion k'adiiig 1o 
the result PVV ---constant, 

H = “ Homogeiu'ons Imad ” of sb'am- '144 ffV feast 

(equation (24), § (10)). 

= blade height or blade length in inolies (§ (13)). 
1- total heat of sk'am (§ (14)). 

total available heat (tapiation (20), § (11)). 
T^=available heat per st.age^ of a turbine' (oepiation 
(4), §(3)), 

J —Joule’s mechanical equivalent of heat ■ 778 ft.- 
Ibfl. pcT Ji.’'rh.U. 

K~the Parsons eoeflich'nt (H)). 

Kj,=«pocific heat ati constant ])reHHuiT (§ (0)). 
specific heat at constant volume (§ (0)).^ 
i=coefficient of oiiening in nozzles or blading 
throat width yj. 

'^circumh'rcntial ])itch 

L=latent heat (equation (10), § (0)), also output 
of turbine at couiJing (§ (10)). 

Z=losses (§ (10)). 

X=indrx in law of exi)ansiou PV'^ -constant 
(equation (8), § (0)). 

=safety factor (§ (15)), also nu'chaniiuil loHse'H 

(§( 10 )). 

N— number of pressure stages in a turbine (§ (11)). 
71 —number of ve'locity stage's in a turbines (§ (3)). 
p=abse)lute steam pressure. 

2 i=number e)f jMiirs of peik's (§ (17)). 

Qsatotnl steam conHumi)tion pc'r unit time (§ (9)) 
(lbs. per hour, § (13)). 

< 7 =quaUty of stc'am or dryness fractiem (§ (0)). 
B==rove>luiiouH per minute e)f turbine (equation 
2 , §(!)). 

p— density of Iluiel (§ (9))--- 1/V. 

S—steam eonHUuqdion per kilowatt benir (§ (14)). 
cr---ee)effieient (§ (15)). 

T=-abse)lute .ste'arn tempe'rature (§ (0)). 

7 /, ™ tangc'ntial ve'lexuty of ii blaele^ ring at ine'ail 
diamede'r (§ ( I )). 

V— Hi)eciru! veJnine^ of stenim (§ (9)) eubiee fe'edi peir 
7 K)iuiel (§ (13)). 

steam jet ve'loeily a(< ai»y instant (§ (1)). 
change' in ve'le)e*ity e)f sleaiu in any elire'edie)!! 
(§ (4)). 

W My gravitational units of tnasH (§ (4)). 

IVP( re'ciprexwil of pre'Hsnre rath) (§ (9)). 
w angular ve‘le)city (5? (15)j. 

I. iNTRomreiTORY 

§ (1) (Jenehal 'IhiEeiKY.' - Tie steam tiurbine 
is an engine or “prime nieiver ” working on 
the sanies prinedple' as iUo familiar eemntry- 

‘ Ke)r an aew.enint eif Uie' (iH'e)ry of Je'ts seu'. “ Hie^tuii 
Engine', TImory of,” §§ ( I D, (12). 
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windiiull. of a ourront of air 

IxiiiiLi; uiiliH('(l to rotate a Hhaft ])y incaiiH of 
“nailH,’" a (Mirront or hlawt of Ht(wn itjHumg 
from a luunbor of (ixod nozzloH ih (‘inployocl 
to rotate a Hliaft by meauH of “ vanes,” 

“ l)uek(diS,” or “ blades.” 

In th(' (iaH(‘ of windmills tlie relatively small 
j)ovv(M‘ obtainable from air, with a reasonable 
sail an'Hi, and the diseontinuity of the breeze, 
nnKh^r lihis type of prime mover of relatively 
litth^ ee.onomie, im}>ortanee. With the steam 
turbiiu\ how(W(M‘, the ease is very difb'rent. 
Not only is tluu-e the eonv<Muen(!e of nniform 
rotary motion prodiieed by a steady tonjue 
appli(sl to a shaft dij'cet (in common with 
tilu^ windmill), but also the unfailin^^ steam 
bhisl. }j:(^n(M’ated wiUi cM)al or oil bred boilers, 
and tlie (mormons <mtput obtainable from a 
t.urbine of V(n'y nuxhu'ate diimmsions. 

'the eeonomi(( value, theu’efore, of thestcam- 
driv(Mii rotary (m^jjlne, or st(^am turbine, has 
b(Hm the ineentivo to its development to the 
utmost, and its evolution has Ix'cm sueeess- 
fully (tarried out during Ibe last thirty years 
in th(' face of all obsliat^h's, mainly owiiiji^ 
to (•lu'i (^IToi’liS of Sir (iharb^s Parsons and his 
asHoeiati('s, until to-day it is by far the 
lajp^st Uiiid most (Hsmomhui,! prime mover 
y('t (h'Viscsl. Ils (druuemey is unrivalled by 
any otluu’ form of steam eu^uie. Units of 
b0,0d0 to ‘10,000 hors(^ - j)ower arc boeomin^^ 
coitimonplaeo in Iar^(^ laud [)ow(t Htati(mH 
for the p;eneration of ehnitrieity, whilst marine 
iuHtallatioiiH reacih 150,000 shaft horse-pow(w 
in oru' v(^Hsel. 

ddie diHieultms (meouutered in the iiieeption 
f)f th(^ sb'am turbine wcm’o mainly mechanical, 
brought about by the i)hyHi(uil propewties of 
Ht(^atn. \Va.t(U’ (iurhiu<\s had aln^ady been 
worluxl out by H<w(M’al \V(dl-known uim'teeuth- 
(VMdiury (MigiiuMM’s, and brought to a c-on- 
Hid(M'al)l(^ stadii^ of perhuition prior to 1880; it 
\va.H on Uu' high (dbeiemey of tlu' wa(.(w turbine 
tihaX Mu^ liop(‘ of a suee.essful e.ounterpart in 
tlu^ Hli(Miin turbim^ was bascMh The elastic 
property (md ndativedy low chmsity of slmm, 
how(Wtw, in (U)ntra.st to tbe ine.omim^ssibility 
and ndallvcdy high density of water, pro- 
foundly (uunf)Iieat.ed the problem. The deu- 
sity ()f dry saturatcHl stc'am at 185 lbs. per 
H(|. iu. absoIuU^ pnwuixs is l/2'20 lbs. ])er 
euh. ft., or about 1/MO of that of water. At 
an a,l)HoIute t)r('iHHuro of i Ih. (kw sep in. it is 
1/050 lbs. (xuMuih. fti., or about 1/40,000 of that 
of wat(M'. Kurtiluu’, noli only has steam ttirbino 
(h^sign to d(Md with larger variation in vohuue 
of steam, but. also with tlu^ fact i.hat low 
(hujsity im pliers high v(do(dty of (dlhix from a 
nozzkx d'be v(do(dty tih(M)r(di((alIy attainable 
by a eiirreut or blast. prodiuxHl by allowing 
st.eam to ('iH<'ap(^ through an orifice or nozzh^ 
to a pbuH^ at lower pre^ssuns is prodigious, as 
will lx** H<xm by a rc'huxuux^ to '^ral)le 1. 


Table I 

Tueorktxcal Velocity of Efflux of a Steam Jet 


Stt'iim TresHuro, 

Lbfl./iii.2 iibH. 

(<lry Hiitiimtc'd ). 

Velocity into 
AtinoHphere. 

Ft. /hoc. 

Velocity into Vacuum 
of 28" Mercury 
(biU’o. 30") 

Ft. /sec. 

10 


2677 

15 


2900 

30 

1602 

3263 

60 

2108 

3510 

75 

2425 

3671 

100 

2645 

3804 

125 

2777 

3905 

150 

2900 

3983 

175 

3000 

4050 

200 

3075 

4100 

250 

.3207 

4190 


Ifurther, simple mathematical theory shows, 
and ox])eriment confirms, that the proportion 
of the available energy in the steam, which 
can be converted into useful work on the 
turbine shaft, depends mainly on the relation 
whi(di is made to exist between the linear 
velocity of the buckets or “ blades,” and that 
of the steam jets which impinge upon them. 
In other words, the efficiency of a turbine 
de])ends mainly upon the ratio 

Tangential bl ade velocity ... 

St(Wi jet velocity u’ * ^ 

<‘-allod the “ Velocity Ratio ” and usually de- 
noted by the symbol a. 

Fig. 1 shows a curve of the inherent efficiency 
of tliG usual Parsons blading, plotted on a base 



Pm. 1. 


of “ velocity rai.io,” leakage and mechanical 
losses having Ixhui (diminated. 

From this diagram it will be seen that up 
to a c.ertain limit, the higlier tho velocity 
ratio, or in otlicu* words tlu^ Idghcr tho blade 
vehxdty for a given velocity of steam jot, the 
higher is tlie efficiency of conversion of heat 
ciHWgy into usdul work. 

In vic'W of i'he data furnished in Table I., 
showing that in th<^ expansion of steam through 
an orilhx^, a v(do(dty of several thousand feet 
p(u* so(X)nd is to bo expected, it becomes clear 
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that to utilise Hiich a jot olliciontly iu asiiuplo 
turbine, . like a windmill, very hi^li blaile 
velocity will bo necessary if a suitable velocity 
ratio is to bo aoeured. 

The mean blade speed of a rin^u; of Idados of 
mean diameter “ d ” iiK'hes, rotating at \l 
revolutions per minute is givenx l)y the relation 

= feet per second, . . (ii) 

Tor tlio time of one revolution — tiO/ll so(^ontls, 
and the distance traversed in this time by a 
point on the chctimfcronco— ■ 7r(i!/12 feet. Uimico 
w = 7rdR/l2 X (30“R^?/229 feet per second. 

As in general the soundness and reliability 
of a steel forging diminishes as the size is in- 
creased, it follows that a disc or wheel carry- 
ing the blades n\ust bo of moderate dimen- 
sions and therefore rotate at a large number 
of revolutions per minute. 

This, then, was the initial problem en- 
countered in the development of the steam 
turbine : to construct a shaft and bearings 
which would render a speed of 15,000 to 
30,000 r.p.in. possible and safe. This problem 
may be subdivided into two parts : 

(1) The attainment of continuous and per- 
fect lubrication of the bearings, including the 
damping out of vibration duo to any slight 
want of running balance in the shaft. 

(2) The investigation of the ])cciiliar 
phenomenon of “ critical speeds ” of shafts 
rotating at high revolutions ; since at certain 
speeds a shaft becomes unstable and is liable 
to dangerous deflection and even fracture. 

Although continuous research has been 
necessary in these matters ever since the 
commencement of steam turbine engineering, 
yet at the very outset sufficient experience 
had to be gained, in order to make this form 
of prime mover even feasible. It will bo 
realised, therefore, that the physical properties 
of steam profoundly influenced the mechanical 
side of the problem from the start, quite apart 
from any thermodynamic considerations. 

Once the ])raeticability of running slender 
shafts at high rotational sjuhvIh, however, had 
been demonstrated by Parsons in his lirst 
turbine of 1884, the path was clear for an 
attack on the j)roblcmH of increased effieieney 
and size of unit. Contem{)()rariIy with Par- 
sons, do Laval directed his energh^s to the 
perfection of the simple steam wind mill,” 
consisting of one set of nozzles and one wIkhA 
carrying blades. In rlc Laval’s turbine, tlienv 
forc, the steam expanded in one stage from 
the initial pressure right down to the exhaust 
I)rcHsurc, and conscqiumtly the inventor was 
faced with the nc'cessity for ('xtremely high 
blade sf>eed in order to attain nasonable 
efficueney. 'I’liis probhun he a(le(|uately solved 
by using a wheel of V(My small dianuder- in 
order to reduce “ windages ” losses to a mini- 


mum, and mak(^ as perf(H*t a forging as possible. 
'riiUH a h-brake-borse-powiu' (lUrbiin^ having a 
wheel about 4 in. nuuui <liain<^(.<'i* would b(^ 
run at as many as 30,000 r.p.m. 

This M<»lution was uat.uivdly iucoinphd.t' in 
itself, since tl\(’i spe(Ml of rolailioii wafS far t.oo 
high hn* the diriH-t. driving of a dyiuuno or 
other apparatus. 3’li(^ iiivnuit-or sinunoimltMl 
this dillicuilty l)y introducing u, form of In'licad 
reduelion gearing whi(ih safely and ('irnueiit-ly 
retluced tlie S[)(‘(h 1 of tiln’i diivi'U shaift to al)out 
oiie-tonth of that of the tijirbiiu'. ^diis nithLod 
of dealing witli the Hii('am-turhin(^ probhmi 
has, lu)W(*ive!r, its limit.s, inaismuch as no 
material has yet bcHUi found to (umble a sufli- 
eiently high blad('> spiked to Ik's att.aiiu'd wliic^li 
will give the maximum (dliehMU'y, tfhat is a 
higli enough vehxdty ratio, and fmthermoi’O 
outputs of in ex(*.(‘ss of (>()() or 700 b.h.p. 
cannot be roaliscMl, siucu^ tlu^ paHsag(^ of tlu^ 
nocossary amount of steatu would cuitail a 
diameter of whend such that tlu^ windage ” 
losses would prohibit high effi(d(mc.y. A peri- 
pheral speed of over . 1300 fecdi per sc'coiul, 
however, is said to be suecessfully atitaiiu'd in 
some modern designs. 

With these limitations, tlu^ do LufVai turhiiu' 
forms an excellent |>riin(^ movei* hu’ sina,ll 
electrk*. geiKu’ators, air compn'Hsors, (he., and 
lias been made by tin's pc'rscwerancc'' of its 
inventor a thoroughly pi'a>(dicai solution of (iie 
problem. 

To enabh' tii(\ steam turhiiu'' to tuttcu’ ti»e 
iield inouopoliscxl (ali tln^ tinn') by i'(H’iprocat- 
ing steam <'ngin('s, bowawnu' tiiati is to Sii.y, 
to make it suitable for driviJig macbiiuny at 
moderate rotational s])C(hIs and tio tmable larger 
b.h.p. to be developed, a radicjd (b'parture 
in design w'as nocu^ssary, and this fundapunmtial 
innovation was inbrodiu'-ed by ParHt)nH, who 
approached the i)r()blem in a dilhuHait way. 

The high etliciicmey alrcuidy attaiinnl by 
water tiirbiiu^s ^ operating undcu' vtwy tiuxbu'ate 

heads ” of water, inach^ it scx'iu t.o him i)oh- 
Hil)lo that if a numbcM' of “ sijnj)I(‘ ” oiU'-wiuHd 
steam turbimvM w(‘r<‘ pbnxxl in H(M’i(‘s on tlxi 
same sliafl-, one tairbiin'i ('xIuuIpsI ing into fin- 
other, juid HO on, it would b(‘ pi'fifb icfibb' t^o 
<livi(I<' u|) tln^ (‘inx’gy of (‘xpaiision of the 
Ktp('ia!U <fv<M’ fi numlx'r of sinii (‘l('ni('ntifbry 
turbines, so tlnit t'lu^ (ib'ctivf' '' IknuI ” df 
Ht(‘aru (in otplnu’ words, trlx' {imountp of ('fviffinsion) 
in Cficb would Ix' snmll. Thus, since tin^ 
veloeity of elllu.x of tiu' sli('fi.ni j(‘(pS in <MU'b 
unit turbine W'ould b(' corn'Spoinlingly nxlucfxl, 
not only would t.lu' latt.er opm-jiti^ umbM' con- 
ditiouH m(H*e jinalogous t.o t.lx^ water tiurbirns 
but mod(n'at(^ juid pi-fielicfibbs bbub' spixsln 
would bo He(uir(xl filso, in conjuncliou wit.h 
liigli vfiocily rfitio,” 

This tundanuMit.al conei'ipt Wfis subjectixl to 
j>nuitical t<‘Ht by Parsons in juid bus 

.S (‘0 “ IlydnniUcH," Jt ( 15). 
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Miiici' provc'd to |)(«i th(^ only Holution. In 
bu’l-;, t his of pimsiiro (‘innponnd- 

injuj iH tJu' on(‘ ('NH(Mdiiiiil foaturo of all 
HKxhn’ii sti'ani l/inLiiu'M of lar^(‘. output and 
liiyh <'(u)iionjy, Ix'oauHc^ it [X'nnitH roaKoimMe 
I>la,d(^ v<do<‘ii i('H to bo adopttal without Haorilicio 
of ('nichMioy. 

d'liia Lpv'difyiti^uj n'MuIt, lU'vt'rtholoMs, wan only 
iinuilly (‘Hi.ahli.sh(‘d aft(‘i’ ycNins of j)a.tioiit cn- 
d(‘av<MU\ on a(‘(fonut of tlu'. loaka^jjoa of Hteain 
wliiah lalu' piano whon iti ia attain ptod to 
divido u|) tli(^ pnusnro drop into BtajjjoH. The 
uoo(‘HHary aurfac^o Hp(‘odM in HucccHHful atcam 
tui'hiiK^a ar(s (a,H haa Ixaai ahovvn) ao hij^jli, that 
h'a.kn>< 4 '(^ ov('r th(‘ li[)a of nwolviiig lilados or 
round tin* piaapluay of a ahaft where it jiaaaca 
thronjbi dia,plu'ap;ina Moparatiu^f one pn'aaure 
Ml aye or '' r(‘ll ” from a^uotlior, (‘annot he 
ataiiudn'd hy a.ny foi’in of paekiuy which 
involvi'M actual rubhiny contact, on ac'couiit 
of tii<^ yriaili IknU* that would be ycn(‘rat'(‘d. 
It folio WM, tlierc'fori', that aueh haikayi', if it 
eaiiinol. be ndlioytdilx'r auppn'aacMl, nmat he r(‘- 
duc('d to a mininunn. Thua aJl (*.oin])ouud 
tur'biiK'N, (*f whal'(W('r (h'aiyn, have line clear- 
anei'H in c(‘rla.iii parta, auch line (diviraueos 
Ix'iiiy (‘aaimtiad to atc'ain (xionorny. 

In hia eau’ly work Pai’aona waa faced here 
with a. moat forinidn.hl(‘ dillioulty, inaainueh 
aa at tlu» coninuauKMtK'nt it waa only poaaihle 
to laiild Minall macIiiiU'M. It will he (^vidinit 
that aniall maeliinea (uinnot he made H(‘.ale 
mochda of lary('r oiu'a in the matter of clear- 
aiKX'H. d’hati ia to aay, amall machines mnat 
hav(^ working ek^araueea relatividy v(wy much 
p;r('a(i<'r tlian arc^ rixpurod in large onea, and 
the l('akag<' in the fornuw Ixxxmiea exceaaive. 
Tlu^ invcmtoi’ r<MdiHed that aa tlui aize of the 
flUrbin(^ waa iucri'awxl, this trouhh^ would aimul- 
l-aiu'oualy auhaidia but (wim ao, tlm gr(\atcat 
inyimuity waa rixiuinxl, and ia nxjuired to- 
day to r(Mluc<‘ hxiiknye to tlu^ amallcat poaaihle 
amount. 

Raraona oriyinatixl the two principles, now 
univm’aally n.dndtt(xl, tdiat vvdux'e the ridative 
moi-ion, betwcxui (iwo Hurfae(»H ia very great, 
and it ia dc^airiMl to limit lluid or gaaooua 
k^Uikagt^ between them • 

(1) Oiui of th(^ aurfa(x^H muat ho provided 
with thin (xlg(^H or Ho-(^ailed (xmlacta/’ 

(2) Both HUi'facea muat he aerratod or given 
an intiMTUpted eoutour in the direction of the 
[)r<wur<^ gradi(‘n(u 

Th<^ liral. ia mxx^aaary in onhw to limit 
l(ndvag<^ liy rixlucing the hxikagi^ a.rea, that ia 
to aay, i/> <mahl(^ th(' two aurfact'a to he run 
cloH<^ up to one anotluu* at auitahle ixiinta, 
wil'liout ihuiyyr of ii*r(^ pared ik' damage in tlie 
(nxmli of Uicciihmtal <x)nt/aict. 

Tlie H(X'()nd ia mxx^aaiu’y in , onhw to limit 
fuj’ther th(^ l<xd<ag(^ by eompcdling thc' lluid to 
(low hi a tiortuouH path inducing eddh^a and 
haniing ellec.t* 


If one surface only is serrated, and the 
other smooth, tlien the leakage is almost the 
same aa between two smooth surfaces of the 
same dimenaions and clearance. 

Fig. 2 shows these principles applied to a 
Parsons turbine, where it is desired to make 
the leakage of steam between the stationary 


A Cylinder 



Fig. 2. 

cylimler (A) and the revolving shaft (B) as 
small as possible. 

By such means this great obstacle of leak- 
age loss was gradually overcome, and the 
2 >rinciplo of iircssure comiiounding established 
as an essential feature of economical steam 
turbine design. 

§ (2) Evolution into Distinct Types. De- 
velopment along Diverging Paths . — From this 
stage of development onwards, steam turbine 
design falls into two distinct categories, viz. : 

(i.) Pressure Compounded ''Reaction''' Tur- 
bine Design^ originated by Parsons in 1884. 

(ii.) “ Impulse ” Turbine Design — 

(а) Pure “ pressure compounding,” adapted 
by (lurtis (ISOd) to thc de Laval type, but 
developed mainly by Ratoaii (1898). 

(б) “ l^ressuro compounding ” and “ velocity 
compounding,” introduced by Curtis (1896) 
and developed hy him. 

^Jdiis divergence has ultimately evolved dif- 
hwenccs in dc'sign so marked that a single 
glance is all that is necessary in order to 
(listinguish between thc two main types, which 
with few exceptions are built as axial flow 
turbines with horizontal shafts. , 

The names Beaction ” turbine and “ Im- 
pulse ” turbine, mentioned above, are more 
popular than scientilic, and it is important to 
]>oascHH a clear idea as to the Bmdamental 
dilTei'enee in design which places a turbine in 
one or other cal-egory. 

This fundamental difTcrence lies in the shape 
of tihe steam passage^s between thc blades which 
an** mounted on the turl)inc wheels. 

^riie nozzles ” used in steam turbines to 
produce the -iwopellhig steam jots are fixed and 
are always the satne^ in prinei])lc, although they 
may dilter considerably in proportions. That 
is to say, there is always a (! on vergent passage 
I connecting a ix)iut of higher steam i)ressure 
I with a point of lower steam pressure, the change 
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{Fig. 3) in cross -section, boinp; made gradual 
in order to produce high etticiency of con- 
version of heat energy into kinetic energy. 
The nozzle may have a divergent extension 
or “ mouthpiece ” as in Fig. 3, and in tui-hino 
design has to be “ skewed ” at an angle to 
the plane of the wheel, as in Figs. 3, c, d, but 
in every case the primary intent is to create 
a drop in pressure over the two aides of the 
boundary plate containing the nozzle, and to 



a:a:= Throat diameter or width. 



utilise that drop in pressure to produce a steam 
jet. 

Having obtained the requisite steam jets, 
however, the buckets or blades on to which the 
jets are to impinge are made with the funda- 
mental distinction (corresponding to “Impulse” 
or “ Reaction ” design respectively) — 

(a) Impulse with “ parallel ” passages — i.e. 
passages of nearly constant sectional area. 

(h) Reaction with “ convergent ” passages — 
i.e. passages of diminishing cross-sectional area 
(similar to the nozzles). 

The construction of the 
blading, according to one 
plan or the other, has a 
profound effect on the be- 
haviour of the steam, and 
is responsible for the great 
divergence of design in the 
two main types (“Impulse ” 
or “ Reaction ”). 

If the passages are made 
“ parallel,” as in case {a), they will offer little 
or no obstruction to the passage of the steam 
jets through them, and consequently the steam 
pressure will be practically the same on both 
sides of the wheel — i.e. it 
will be equal to the outlet 
pressure of the nozzles 
(Fig. 4). 

H, on the other hand, 
case {b), the blade passages 
are made “ convergent,” 
as in Fig. 5, they then 
have the same proj)orty 
the “ nozzles,” and a definite droj) in 
pressure is necessary in order to make the 
steam traverse them. This moans that — 

(a) The steam will tend to leak over the 
tips of the blades, and I 


Fig. 4. — Impulse 
blading (parallel 
passages). 



Fig. 5. — Eeaction 
blading (convergent 
passages). 


as 


(/;) IMte expansion of ih(^ H(.(‘ain in th(^ bladc'S 
themselves, <lue to iln^ fall in i)r('HHun‘, will 
cause a siKM^<liug up or in<n‘(‘aH(' in V(‘loeiiy of 
tlu^ jets passing b('tw(Mni tbein, an<l tluwlriving 
torcpie will l>c hui)|>U(h 1 almost <‘n(iir<'ly by ih(^ 
backward “ reaction ” of tih(^ j('ts issuing from 
the revolving blades. IleiU'C tlie name “ Ite- 
action ” turbine. 

§ (3) TllWORimCJAL (k)NSr()KRAT10NH. - » 
Simple mathematical theory shows, and (ux- 
perimoat confirms, that if i/he blading Ix^ nnuh^ 
as in case (a) — Le. with parallel ” j)asHiig(^H 
so that no exf)anHion of st<'am takes ■i)la(!e 
except in the nozzk^s, then the best elhekmcy 
is realised when the “ vdocity ratio ” is about 
one-half. I’his is the case of the do Laval 
turbine. If the blading bo made as in case 
(6), however — i.e. with “ (sonvorgent ” j)aHHag(‘H, 
then the best voUxnty ratio is about unity. In 
that case, the jet velocity from the guide blades 
will be about equal to the mean velocity of the 
rotating blades. 

It should be noted also that in the Reaction 
type of turbine, sinee expansion of the steam 
is made to take place in both lixed and moving 
blades, there is no reason why there should be 
any difference between the sluvpes of the two. 
They have in fact been made alike from the 
earliest days, although the profile of the ])la(ling 
has gone through a long ])r()C(ws of (wolutiou 
in the effort to obtain ma.xirnuni e(ht'.i(‘uey. 

When the blade })a8sages are madc^ “ par- 
allel,” as in the “ Impulses ” tyj)e, the driving 
torque is produced by the steam j<d,H from 
the nozzles. If there wore no lihukw or 
other obstructions in front of the jets of 
steam, these would travel forward in a 
straight line. The curved surfaiu^s of the 
blades, however, forcibly deflect the jets from 
the free path, and cause them to bo doviatixl. 
The blades themselves, therefore, will tend to 
move in the o]>posito direction to the deviation 
of the jets, and the wheel is thus driven by 
the “reaction.” 7Mre steam jets, in passing 
through the blade passage's and doing work 
on the wheel, will be (iontinuously slowe'd 
down, and will hiavo tlu^ moving blade's with 
a “leaving velocity” mnedi lexss than the 
initial. 

It will thus bo se'cn that all turbine^s are 
driven by “ r-eaction ” elne^ to the^ aIl/(n*al.ion 
of vchicity, in magnitude and elirection, eif i.ho 
working fluid. Tho real elistincfiion be'tvvoeu 
the so-called “ Impulse ” and “ K/exied-ion” tyix's 
is that whilst in tho feirinen* the re'iaction is 
duo to the steam jots beang slowexl down, in 
the latter (at unity veloeuiy ratio) the^ inaction 
is produced by the spexuling up of the^ steaun 
jots in the moving blaele^s tlunnselve^s. When a 
“Reaction” turbines is weirkexl at a vtLxuty raf-io 
less tlian unity (and in ])ractie,o this is always 
so), the (hiving torejue is easily sexm to Ix^ eluo 
to a combination of tho above two principles. 
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A “ pn^HMuro conipouadcd ” Htoain turbine 
(more oft(‘n Um'UumI h “ (loinpoutid nteam 
turbim^ ma.y tliUH Ixdon^x (iitlu'ir to the 
“ InipulHo” or to (^Ik^ “ Reae.tioii ” lyi)e. 

(turtiH, who in ISOti wan tJie (irnt to apply 
the Pai’Hons principle of pnvsHure eoni])ound- 
in^ to liiu^ “ Impulmi’'* lyp(‘, did not (at the 
timci) CionwidiM* tdiat this was tbe bc^Ht way to 
Holv('i tdu'i probhon (»f r(MiHonabl<'i mean blade- 
Hpe(MlHi and then^fore intirodueed tlie further 
principle of “ velocity cu)mpoundin^^’’ inatoad 
of allowing the nteain leaving a row of mov- 
ing “ Impulwe ” bladcH (an dcHcoibed above) 
to enhn* a froHh H(di of nozzU^s, an in the “ pure 
I)roHHure (‘otnpounded ” typ(\ a row of fixed 
guid(^ blad(^H waH faHt{m(^d ho that the jeta 
w<'ir(^ (liv('iri.cd into tlu^ aarne direction that 
tda\v had wIumi inauing from the primary 
noz'/.lcM. Mdi(\y W('re tlnm mad<‘ to impinge 
upon a H(Hiond row of moving l)ladeH, Tuounted 
on lilio aaim^ wh<‘(d, ao that their velocity 
would be atill fuidlun' nHlucod, and extra 


4()()0/2 X 1 or 2000 feot/acc. Th o first mean blade 
apeed (OO?) ia cpiito normal in modem practice, 
but the second (2000) quite unattainable. 

Fig. 7 shows a diagram of inherent efficiency 
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driving torqm^ obtaiiKHl. ddiia pnnciple natur- 
ally (mabkHi much high(*r initial j(4 vekaiith^a 
to b(^ employed, withoiit incnMiaing the nunin 
bladt^ ape<’!d, b(MiauH('i in ordtM' l,o abaorb the 
addii.ional (Mun’gy, it waa only mHiesaary to 
follow up (du^ H(Miond moving row of idadea 
wildi anoiduu* pair of (Iix(h 1) guidt^a and (moving) 
blad(^H, /ind ao on {Fig . '(}). ddiia arrangenumt 
conHtitut(HH th<^ w<dl - known (Hirtia “velocity 
wluvd,'” wliitih may have one, two, three, or 
ev(ui four rowa of moving blades operated by 
om^ row of primary noz-j^dc^a. 

Mathematdc.a and (^xp(H*imcnt again show 
tliat if th(U*(^ are “ ” moving rows in a 
“ v(doeity vvlund,” the “ velocity ratio ” at 
whi<dt maximum <dli<n(uicy ia attained, ia given 
approximately by tlu^ exprc^aaiou 

2;/. 

ThuH, taking the (uih('i of a ateatn jet vcdocity 
of about d 000 had. peu- a(H‘ond, if a “three-row” 
vekxrity wlnad b(^ uh<h 1, the mean blade apeed 
imnl only Ih‘ 4000/2 x 3 or 007 leet/aee., whereaa 
in a Hjm[)le do Laval turbine it ought to bo 


Vm. 7. 

for tlu’i Ourtia velocity wheels on a velocity 
ratio haac similar to that in Fig. 1. 

The curvea A, B, C, represent, for well-de- 
aignod single-, two-, and three-row velocity 
wheela roapec.tively, what is commercially ob- 
tainable under favourable conditions, when 
the loaacH duo to disc windage and idle-blade 
“ventilation” are 
a minimum. They 
also iiudude internal 
fricjtion and eddying u 
of the steam in the 
})as8agoH of the 
nozzles and blading. IPiG. 8. 

On* the assumption 

that the curved surfaces of the blades deflect 
the ateam jets through 180° — that is to say, on 
the asaumption of zero inlet and outlet blade 
angloa {Fig. 8), then at the velocity ratio given 
by e(piation (3) the efficiency would be theo- 
retically unity, and the sfceam passing from the 
outlet edges of the 
last row of blades 
would bo loft 
stationary, that is 
with zero kinetic 
energy. 

In 1 ) 1 ^ 1 ^ 00 , it is 
nee.eHHary to dcaign 
the nozzles ao aa to 
mak(^ a linite angle 
with the direction of motion of the blades in 
order to direct the steam into the blade 
paaaagoa, and got rid of the spent steam 
continuoualy, thus passing it on to the suc- 
e(i(xlmg stages. It is thoroforo necessary to 
adopt finite hlado angles as indicated in 
Fig. 9. 

In practice, too, the turbine has to make 
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good its own int('.rnal losses as well as to HU])])ly 
external power, and it is found that the actual 
edicioncy curves, F'uj. 7, dilTor from the theo- 
retical curves from two causes : 

(1) The greater the number of moving rows, 
the more serious is the loss in eili(dcncy. 

(2) The best eHicicney is usually obtained 
with a velocity ratio somewhat less than the 
theoretical value given by equation (3). The 
following range of values, however, fairly rex^ro- 
sents modern practice in large turbines : 


Table II 



a=w/l). 

Axial flow reaction blading (I’arsons) 
Single-row velocity wheels . 
Two-row velocity wheels 

Three-row velocity wheels . 

()-75-()-0r> 

0'45-<)-5t2 

0-22-0'28 

0-13.0d5 


By means of equation (3) a table can bo 
dravm up for velocity wheels with varying 
number of moving rows, showing their equi- 
valence as regards the utilisation of the avail- 
able heat derived from the expansion of steam, 
and with reference to similar points on their 
respective efficiency curves. 


Table III 

Equivalent Wheels 




•i'ij 

S.'S 0 


3 

.•i 'S 



'^02 

OKZl 

" 

gw 


Single-row 

1 


V 

la 


Two-row . 

2 


2u 

4I(t 

Equivalent to 4 






single wheels 

Three-row. i 

3 

i 1 

3r 

Oht 

Equivalent to 9 






single wheels 

Four-row . 

4 

8 1 

4r 

lOht 

Equivalent to IC 



! 



single wheels 


If “ ” is the heat drop or “ available 

heat ” in a given case, then is the “ velocity ” 
head in feet ; so that ^ 


2 {/ 


-dla 


. w 


hence it follows, as will be seen from the above 
table, that equivalent wheels of a givcm moan 
diameter and speed of revolution arc pro- 
portional to the sipiarc of the velocity ratios 
which give inaxiniuni ellicumcy. 

Thus— 

One 3-row wheel ^ , 

X single-row wheels ^ 

so that one three-row vcloeity wheel is the 
equivalent of 9 single-row wheels, and so on. 

^ See “ Steam I<]nmno, Tluwy of,” HI 3). In this 
section heat, is measured in Dynamical llnltM, lienee 
J does not apjiear. 


In otlun* words, if 9 single-row wIum'Is (wil.li 
the total lumt drop c'qually dividisl Ixd.wiMMi 
them) are operating at. a givmi point, on tlu* 
eiricieiiey curve ()A (AVr/. 7), l.lu'ii if (Jh\v ar(\ 
replaced, by oui’i thr(M^-rovv wlux'I, utiilising the 
same total heat drop, tlu^ lattcu’ wIkm'I will 
operate at a similar point on tlu^ (dlieimicy 
curve ()(t 

It should be noted, how(W('r, that unfor- 
tunately this ingenious solution of tiio shsam 
turbine problem (by means of “ viiocity (u>m- 
Iiounding”) cannot bo adopted without Hamilice 
of ellidency. 

The two -row and single -row whiHis give 
reasonable maximum elllcieiu'yj Ihd. the iieci's- 
sary velocit.y ratios are ridatividy so high that 
all the available energy in high-pri'iHHuro stiuim 
cannot be elUcimitly uh(mI in one wluMi, ho 
that the Jhirsons x)rmcii)lo of “ iiresHuro (uirn- 
poimding ” has also to he enqiloyed in caHes 
Avhoro efficiency is of importance. 

Thus a turbine may ho both “ V(do(uty 
compounded ” and “ x)rcaHuro comxiouncled.” 

The reason for the infmnor effichmey attaiuahle 
from. “ velocity ceinpomulod ” wheels is that it has 
not been found ]>osHil>le t.o diedate a liigh vihauty 
steam jet (in the mamuw essential to “ vi'loeity 
componiiding ”) witliout visy smaous losses diH* to 
shock, friction, and eddii's. 

Tlie IWhoiih priiiei[)l(^ of ” pun* jiresHuu^ eom- 
pouiiding” therdore n'mahis the eorn'ol. solution; 
ami it is now muviM’sally adoph'd. 

h\)r s(‘V(‘ral years (hirtis persiwmvd with “ vihieity 
compounding” on aeeoimt of tlu< advaidiUgi^ it 
would have in d(*aling with la.rgi' pri'SHUi’ci* drops a.iid 
so reiKhsiug a turbine e.Ntnmu'Iy short, hui. (wasi 
wlien used in oonjimotion with pri^'sHun^ t'ompounding 
(i.fl. a set#s of vi'lodty wIkh'Ih separal.t'd by lumh^s) 
the oflioieucy has provial tio mateli for the* Heaetion 
typo. 

Rateau (in 1898), on the other hand, took up 
(and Huhsequently devi^lopcxl) (hirtis’s oiagirial 
adaptation of the Parsons priuciph', namely [lure 
liressure compounding of tlic‘ d(^ baval typo. IHs 
(‘(Torts were ai.tiaided by givai suecu'ss, suah that 
the typ(^ of turbiiu' now known univi'rsally as (he 
“ Ra(.(‘au ” is tiu’i only s('ri(ms eonqx'tit.or of j,lie 
f)ur(‘ *' R<‘a(!tion ” type. 

§ (4) Tiik Velocity Diaoram. - Tlie funda- 
mental (lilTermnai in. trcxitinKMiti of the stciani 
in the two main typi^s of pure prt'Hsnre (lom- 
poiiiKffid turbimvs, nann^y t.h(‘ Impulse” and 
the ” Reaction” typ(\s, is (ih'arly scam from t.h(‘ 
rcHpoetive velocit.y diagrams (AVg.v. 10 n,nd ( | ), 

In the single-row Impulsi^ wIkmO, tlu^ Ix^st 
velocity ratio is about O-fi, ho t.Iiat i\ (he j(‘t 
velocity from (.b<‘ uo/.zh'H, in mad(^ aboul. (.\v'ic(^ 
u, the mean blade vt‘Io(u(y. Thun OA r and 
AB -/q so that 

^I’lie V(ffi)ci(.y ratio 

‘ a OA 

OB in the ntative velo(!i(y with winch th<^ 
steam ent(u-H th(‘ hladiss, and Is theoretically 
conHtaut an the stoam x>ttHH(^H through tlie 
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(MirviMl 111 ;), (Id |>;)„s8;i!L]i;(VM. In pract-itto it is 
r('(l(i('(‘<l hy I ri(’(ii()ii;i I 1 (),sh<‘,s. (M), tho voiitivo 

V('lo(’i(.y all ('xil, fi’oin (ilidi blado paHwa^cxs, is 
l.liUH Konu'wluvt tlvivii OB. (IB rv.piv- 
{iinil n()HoUit(‘ v(‘loci(y of <‘xit of tho 
Hlioatn from Mk^ wIkh'I. K, will Ix' Civithsit tluit 
th(' <Mri(>i<'n<>y will liiirlwwi wIh'u iho v;ilu(‘ 
of v//d and Mk' Idado (‘xit; ;inp;lo atv'i siu^h tliat 
CB i,s a niiniinnni, whinli nnsinis that t.hc tri- 
(M^IO will !)(' iiipproxinntil.dly riyht-aiijflod. 

Ill rciaction blading iho host volninty ratio 
is about (Id), HO (bat r, (In's |('t vcdoidty from 
tln^ ^uidt' bla.d('s, is niad(> inxirly (sjual to v, the 
OKMiu l)la.d(i va'bx'iliy. Mdius, as Ix'lorc, the 
V(do(‘ity raiio is Ali/OA, ;uul it will bo hoou 
tl\at tho hl.Mido inbdi sboiild ho about 90 ". 
^ ndaliivo xa^oedty OB, liowovcr, iu.stoacl 




( I. dt(;n<ii(ai Uladin;^. 

Oui' pair of rowH ((-wo priwura HtiuKOH). 

of lM‘inji: tUMii’ly oonHl-aid' wliilnt tho Htoam 
(.lirouiL!;li I-Ih' bladi'M, iuonxiHCH, duo to 
t^xpausioii of tlu^ HhsMU in tho blade paHHagoH, 
aud aH th<' (ixod bladoH and tho ix^volv- 

tajj; blach'H aix^ inadt^ alik<', (d), tiio relative 
V('loei('y a.l- ('.xi(i, will bo (‘({ual l-o OA. OB in 
tip'll 0i(' abnolnlii^ vidoeil-y of aud, as bo- 
foi’(', l.i'ianp;h' OBI) will bo approxiiuatoly 
ripildr-anylod. 

Tlu' ininimuin valui^ of tlu' vidooity of oxit 
(OB) in ((('(-('nniiUHl by tho eij nation yf e.on- 
tinuily of (low, i.C- QV Ai\ It will bo 
('vidont that tlus (sj nation dot(‘rnnuoH tho 
loup;itndinal vi'loeity that muHt bo maiutaiiu'd 
at any oI’omh wndiiori of Oio turbiius in ord(w 
to ('ITiH't i'iie (low of hUsviu from ini<‘t to 
t»xhauH(<, 

Owiulj; to thp Hiuall drop in proHsiiro over a 
row of reaoi-ion bladin^u;, a Hiinplo iiurbino oou- 
Hisdnij; <d' oiu'i row of )j:nido hlades and ono row 
of moviii.sj( bladoH is luwer uhoiI in practice; 


but a series of such “ pairs ” is grouped 
together. The carry-over of kinetic energy 
from one row to another throughout the grouji 
(represented by BK in I^ig. 11) is thus utilised 
in. we 11 -designed blading in every row until 
the final exhaust i,s readied, when it becomes 
the “ leaving loss ” and is a dead lo,ss on the 
ellichmoy. It sliould bo noted here that in 
badly designed liladiiig the kinetic energy 
carried over from stage to stage may be par- 
tiidly or eo!n])lctely lost, or rather reconverted 
into heat energy, with consequent thermo- 
dynamic loss. 

The same is true of impulse blading when 
jiroHHurc coinponnding is used ; and what 
evidence there is available goes to show that 
tho (uirry in ” of kinetic energy to any row 
from the preceding row is about balanced by 
tho frictional losses. That is to say, the jet 
velo(iities are very nearly in agreement with 
tho theoretical velocities to be ex^iected from 
tho actual pressure drops A 

3n the reaction turbine, it will be evident 
that tho cuiToiit or blast of steam must fill 
up and traverse every portion of the interior, 
so that tho best blade profile is one which 
olTers tho least resistance (as regards shock, 
friction, and eddying) to the passage of the 
steam. 

^riio attainment'of the best profile is therefore 
a matter for cxj:)eriment, and a geometrical 
construction based on the velocity diagram 
will bo of little assistance. 

In tho impulse turbine, on the other hand, 
where there is no }ircasure di'op over the moving 
blades, tho latter must be partially or only 
just full of moving steam, otherwise either 
8[)illing will take place, with consequent loss 
in driving tortpic, or if the moving streams 
of steam do not sufficiently fill up the blade 
paHsagoH in front of tho nozzles there may bo 
losses duo to eddying. In this case, therefore, 
a geometrical construction for the blade profile 
and blade passages is a necessity, and suitable 
blades arc chosen by reference to the velocity 
diagram, tho blade lengths hchig proportional 
to tho longitudinal components ON, CM, etc. 
{Fig, 12). ' 

This velocity diagram is of use in impulse 
tiirl)iiu‘. design for the further reason that from 
it tho “ diagram ’’ clliciency can be readily 
obtained. In the general case of a single-row 
velocity whed, not working at any particular 
velocity rat-io, th(^ diagram will bo as indicated 
in Fig. 12. 

This diagram may bo more conveniently 
drawn (especially when it is extended to 
imdtiple-row velocity wheels) as in Fig. 13, 
in wliic.h tho loitering corresponds to that in 
Fig. 12. 

Th(^ fundamental relation, vi'^. change of 
momentum i)cr second (in direction of motion) 
^ Se(i § (10). 
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18 equal to the impressed force, may he written 
(from the diagram) 


— v 
(J 


^(A]Sr + MB) = -^.MN. 
S' a 


The “ diagram efficiency ” is therefore 
_u . {Wlg)v _2uv 

~4(W/£7)V V' ■ ‘ 


In the case of multiple-row velocity wheels, 
the diagram is extended by drawing the two 
triangles OAB and CED for each moving 
row of blades, and if v^, . . . etc. 

represent the change in momentum per 
second (in the direction of motion) per lb. of 



Vd = 




(h) 


which can be compared with the experimental 
efficiency curves {Fig. 7). 

In reaction blading, how^cver, experiment 
has shovm that the best blade profile is bent 
at all velocity ratios up to unity, so that the 
same profile is always used (increased in scale 
as required by considerations of strength) ex- 
cept in the last few rows of a turbine, where an 
increased discharge angle is generally neoes- 
sary to accommodate the low-density steam. 

The velocity diagram is therefore not used, 
hut the efficiency of a group is obtained from 
the experimental curve shown in Fig. 1. 

§ (5) Geneeal Remarks on tfie “ Im- 
pulse ” AND “ Reaction ” Types. — Prom 
the engineer’s point of view, steam is not an 


ideal iluid for use in a turhims owing to the 
fact that at high jumsureH tlu' speeihe volume 
becomes very small, whilst at low piH'Ssurc^H it 
becomes veu-y large. 

Thus at tlie high-])n^Hsur(^ tmd of a turhim^ 
the difficulty is usually to make the no/zio 
passages small enough. Tins tlifUenlty may 
be got over in the case of the im‘()uls(^ turhiiu^ 
by the use of partial admission,” beeauso 
as there is no drop in pressure over the moving 
blades, it becomes ])osBiblo to admit the steam 
through nozzles which only ()(‘.cuj)y a fraction 
of the periphery of the wheel, hut in the rea(diioi) 
turbine, owing to the ])rossuro dro]) ovei' both 
fixed and moving blades, this method cannot 
he a])plicd. The alternative device of <limin- 
ishing the diameter of tlui blade rings at the 
high-pressure end is therefore ado])te(L The 
leakage over the tips of the moving blades 
is best limited by the use of Parsons’ “ End- 
tightened ” Reaction Blading incorporating 
fine (adjustable) axial clearances, but V(wy 
large radial clearances, which ensure ])erfccily 
safe operation {^Fig. 14). 

The impulse turbine has fewer “ stages ” 
or “ simple turbines ” in series than the 
reaction turbine because — 

(а) For a given available heat ixn’ Ih. of 
steam, in order to obtain the best ellicieucy a 
higher value of the “ velocity ratio ” must be 
maintained in the latter than in the former 
{Fig. 7), thus necessitating the s])liiting up of 
a given total available heat into a gn^atcr 
number of parts ; 

(б) The reduction m moan blade ring dia- 
meter in the early stages of a reaction turbine 
involves reduced moan blade speed in those 
stages and therefore slower rate of conveu’sion 
of heat energy into mechanical worlc, so that 
more stages are reqidrod to expand the Ht(Hxtn 
efficiently. 

On the other hand, partial admission in 
the impulse turbine involves serious windage 
and blade “ventilation” losses, owing to the 
fact that the blades are only active in driving 
the wheel when they are i)aHHing the nozzh's, 
so that the remainder and the disc! itstdf have 
to be driven round in an atm()S])h(n(^ of idle 
steam. Such losses as theses arc^ diretstly 
pn)})ortional to th<^ density of the sic^am in 
wliidi the wheel revolvers. 

In addii'ion, high-velocity steam jets temd 
to erodp tlu^ Murfac(^H upon which they im- 
pinge, so that' dm moderate vcdoffiiies (un ployed 
in reaction turbines are an advantage in this 
respect. 

The eharaeterisiie, of the (lompound imf)ulHe 
turbine {Fig. 15) is the splitting up of th(^ 
“cylinder” or “easing” into a number of 
comf)artmentH, H(bparated from each oMn^r by 
means of diaphragms, through the (urntn^ df 
which tile shaft [laases (with line e.learanees to 
minimise leakage). Each diaxihragm contains 
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nozvikvs lor iho iinpuko wheel immediately 
al'trcn* it. 

'I'he eharaekn'iHtics of the “ Reaction ” 
turbine 10) are the 8tej)ped shaft, thc 

total al)H(uu‘e of diaphragms, and the provision 
of “ dummy ” or balancing pistons at thohigh- 
presHUiHi end. '’.riie latter are provided in order 
to e.ountcu’balauce the axial thrust (in the 
<lirec’^ion of tlK*! tixhaust) due to the dilforenco 
in lilu' steam pressure ov(U’ the faces of each 
moving blade ring, and to the steam pressure 
on the should(M's of the shaft where it is stopped. 
A halaneing or “ o(iualising ” ^hpo connects 


above. Thus reaction blading preceded at 
the high-pressure end by a velocity wheel 
finds considerable favour on the Continent, 
whilst the velocity wheel has also been exten- 
sively used to precede impulse blading of the 
“ Rateau ” type [Fig. 15). The present-day 
tendency, however, appears to be towards a 
strict adherence to either the pure reaction 
type as chiefly represented by the Parsons 
and the Ljungstrbm, or to the pure impulse 
type as developed mainly by Rateau. 

Having thus shortly reviewed the physical 
considerations which have led to the evolution 


CYl-mPSA (StATIOHAllV) 



Idu. M. Piu*Hp(U!tlvc view of (uul-tlKhtcm‘.d r(^actiou bliidiiiK iu cylinclcr and shaft, showiuK large 
radial and lltie axial clcaraiiceB. 


each dumtny i)iHtou to the corr<^H ponding 
Hhoubhu’ on the sbaft, so that the steam 
pn'HHurc'H arci automatically balanced at all 
loads oil tluH tuibiuo. ^ . 

More r(HHud.ly (15)12) the HwcmUhIi onginoor, 
Birg(U‘ bjungstrom, has developed a com- 
pound turbine on the outward^ radial flow 
priiHople, and with double rotation in which 
both noz/JcH and blades revolve, but in 
opposite (lircH'dions. This arrangement in- 
volvc^M two driving shafts and two generators, 
but t.lu^ (vfiicicncy attainable is remarkably 
high. The turbine is of the pure reaction type. 

Owing to the groat complexity of the 
(|uestions involvi^il in successful steam turhine 
manufa<'iaire,‘ many builders compromise by 
combining the leading principles described 


of the steam turbine into the main types 
described above, a brief indication of the 
•mathematical treatment of the physical 
problems involved will next be given. 

§ (6) TlIKItMODYNAMICS OF THE TUBBINE. — 

A discussion of the thermodynamics of the 
turbine, with an account of the action of the 
nozzles, will be found in the articles on 
“ Thormodynamics ” and “ Steam Engine, 
Theory of.” ^ 

It is shown there that if ri^ be the stage effi- 
ciency in any stage of a compound turbine, d\^ 
the energy available for external work, P the 
pressure, and V the volume of the unit of mass 
of steam, then 

dIa=^.VdP. ... (7) 

‘ See “Steam Kngine, Theory ot,” § (12). 
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(i.) Su'perhmt&d iho Htoani Ix^ 

superheated and wo treat it as a gas of 
specific heat K^, at constant ])rcssuro and 
at constant vohimo, then for adiabatic 
expansion 

JLvj) Jl\ ^ 

Hence from ectnation (7) with stage officionoy t;,, 


K^PdV+ {K^ - ^ K,)} VrfP = 0 , 


and therefore PV^ = constant, . 


where 


E-d “■ ~ Nt)) 


(H) 


If r}g is unity then this expression reduces to 
Kj,/K„ or 7 , and wo arrive at the ordinary 
isentropic law. 

From the above an expression can easily 
be found for the energy available for adiabatic 
expansion.^ 

(ii.) Saturated Steam. — In the case of 
saturated steam, assuming the fl})ecifio heat 
of water as unity, then 


rida — c?T + f?(3'L), . . (10) 


where L is the latent heat at temperature T 
and q the dryness factor, and for adiabatic 
expansion with stage efficiency 




or, 




1^')+ ^T=o, 

TV T’’. 


• ( 11 ) 


... ik+’^]Z^’. 

' * “ Vs 


= constant. 


(12) 


From these equations can bo found expres- 
sions for the energy available for work, which 
is equal to the heat taken in minus the heat 
rejected. 

§ (7) The Reheat Factor. — From these 
expressions wo can calculate the ratio of 
the energy actually available to that wliiel) 
would be available wore the iscntroihc law 
followed. 

This ratio lias been defined as the reheat 
factor.- Calculated values liave been tabulated 
by I-T. M. Martin in his artude “ A Now Theory 
of the Steam Turbuie.” 

It ap])oarH froni Tabh^s TV, and V, f.liat tlio 
ratio is greater than unity, and also that the 
values for HU])orheat('d sicaru are greater than 
those for saturatcHl steam. 

The distuissioa in the article Steam Engine, 
Theory of,” just referred to brings out the 
reasons for this, and should bo consultod for 
further information. 


' See 'TIuTiuodynaniieH,*' § (5). 

“ “ Slcjim Mngiue, Theory of/’ § (II). 

“ Sou BnuiMiThuh .July ,11)18 vlmj., evi. 


Tauuk IV 

Hhumat Paotor for Steam mufeuueateo T utmnou 

OUT THE WUOEE RaNOE OF ITS I'lVl'ANSloN 


Values of 

Uy( 

Iraulie IdUeieucy 

^^i ■ 

A* jr 

O-f). 

, 

0*0. 

O'T. 

0*8. 

1 

l -oooo 

1 'OO(M) 

1*0()0() 

1*01)00 

2 

1 *021)8 

1*0812 

1*0285 

1*0100 

4 

1 *0758 

1 *0021) 

1*0*108 

1*0810 

(5 

M088 

1 *OHO0 

1 -OfiOD 

1-081)7 

8 

Ml()5 

l*01)8-t 

1*0(51)5 

1*0451 

10 

,1*1310 

1*1024 

1*0702 

l‘0-ll)-l 

ir> 

1*1554 

1*1201) 

1*081)1 

1 -0585 

20 

MODI 

1*1818 

1 '01)0*1 

1'()017 

25 

M841 

1*1445 

1*1057 

l'001)2 

50 

1*2211) 

M7IH 

M258 

I'OHIO 

100 1 

1*2580 

M 1)1)8 

1*1450 

1 '01)82 

200 1 

1 *2002 

1*2271) 

ld(l48 

1*1058 


Taiiue V 

Reheat Factors for Steam initially in the 
Dry rut Saturaticu (Ioniution, and exuandwo 
FROM .Different Initiau Prehsures uown to 
1 Lii. Auhouite, Thermal Ki^uiMimiUM ueino 

MAINTAIKEX) THROUOllOlJT Til 1(1 .Kxi'ANHlON 


asd 

lia 

m 




o 

1 

4 

1 

(5 

1 

1 

10 

1 

15 

1 

20 

1 

25 

l 

no 

1 

100 

1 

200 

1 


llydriiullti Efllolonoy 


O'O. 0-7. O'H. 0 il. 


0*15. 


i-oosr* 

I-OIIII 
1 •Ol’S.I 

i-onm 

I 

I-O-IM.O 
I •(MlIU 
1 '05157 
I '(lOOS) 
I ’OHOi) 
roiHfO 


l‘()07H 
1*01(5:5 
I'oiiir 
I'O.'f.d 
1 '01)00 
I'oaiH 
I'OWl 
I -0-1 1)7 
1'0M5I 
1*0(5.10 
I '0755 


I *00(55 
1 '01 1)0 
I '01(50 
1 '(U!I5 
I 'ODDI 
i'o:)(5i 
MlDD-l 
I '0818 
1 '0!il)4 
1 '0*175 
1 '0550 


I'0(M(5 
I'OdSO 
1 0114 
I'OIIIO 
I'OMH 
1*01S| 
I'OllU 
I'ODIO 
l'0Di51 
1*01518 
1 '08(58 


1 'OODD 
1*00115 
' 1 'OO/.d 
i I'OOdl! 
1*00, I 

roovH 

I'OOSH 
I '01(14 
I'OlDi) 
1‘0155 
i-oKiy 


§ (B) Steam Tuiuhne Dehion. In any 
engine d(wgn it is ncecmiry so to [)roj)orl,ion 
the scheme that it shall lead to the (U^sired 
output at reasonable (^fTieioney, The output 
de})ondH primarily on the weight of fluid wldeh 
will pass in a given time; the elfieicuiey on 
the arrangenumts umhvr wliieh the is 

transmitted through (bci macliiiu^ ’'I'inis in 
a turbine the blading must he (a) of sueli 
dinumsioUH as to transmit tlu' n(‘e('UHii.ry wuMglit 
of steam, and {h) of sneh form u.iul arrangi* 
ment as to expand tiu'i steam and do tliis 
("nicienriy. 

VVe ni'od, tluuu to eonsidiu' tlu^ diimmsions 
arul form of f.ht' noF./b^s or pasHages Ihrough 
whie.h th(' steam has to pass. 

§ (D) Steam No/./om Capacity. TIk^ tlu'ory 
ofthenoE/de disehargi^ lias laam d<adt wil.h ill 
the artielo Mni “ TIkh SLaun Engiiu\” and in 
eonshlerhig the ((apaeify of th(( blading tlu^ 
resultH of that article' sJumld he made* (jh(' of. 
It is there shown that if an (expanding fluid 
* Sec “Steam Mngliu*, Theory el'/’ HDi). 
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Ht'jui from nssi at, a prcHHuro and attain a 
V(do(nty v and a pimsuro .1^— aanuming frictioix- 
1 <'HH flow and no Iohh of boat, tlum writing Z for 
Mh' ratio 171*0 nnd aaHuming that under tho 


conditioim of How VV^ is conatant, V being 
th(^ vohuiK^ of unit inanH at prosHuro P, 




and 


7:1^ 


(13) 

(14) 


Ah l.bo Hb'arn travorHon the no7//lo, Z decreases 
and a and V botli iticroiase. 

Again, ropnwiuviing by A tho area of tho 
<uM)HH-HtH-.Uon of tlu^ no/wd'o and Q tho tpiantity 
of thud o.roHHing that wvition per second— this 
a(i any ( imci is Uu') sauio for all tho .sections — wo 
havt'i 

(,),V volume (U’OHsing rrajA. 

Hoin^o A“-^^^. . . . (15) 

It can b(s Hhown that as Z docroasoa A at 
lii’Htt d(HU'(MiH(‘H and tlu'u incrcviHOH. ddio])ropcr 
form of uo'/z-U' depiMids, tluni, on the final value 
of th<^ pn^HHuro nitio Z. If this bo small tho 
mr/i/ilt^ will bav('i a throat) whoso position is 
do(i(M’min(Ml by finding tlu’i value of Z wliic.h 
tnaln^H a minimum. Tho value of Q/A is 
given by t-lu' o(| nation 

A w. V (Ki) 


and from tIuH wo 
at (ibo tlu’oat 

find for tho pressure 

ratio 

Zr 

1 

— t 

( 17 ) 

Ib^Tioo wo obtain 





( 18 ) 

V, 



‘ 

''<( 2 ) ’ ■ 

( 1 !)) 

Vi ‘ 

/ 2 f/\l>,Vj 

V \.|.1 ’ • ■ 

( 20 ) 

Q. ,vt / 2 \ 

A, V, " Va I V 

'/(A -0 / 

^ V (x-i-i)V.’ 

( 21 ) 


whiles th(^ anvi A at any ])laco whore tho 
pn^HHurt^ ratio is Z is given by 


A.“ \'/J 


• ( 22 ) 


'Tlus n^ason for the oo!itra(*<tion of the 
no/yile folio w(h 1 by itH (expansion can be seen 
from the following. Per tho roasoim given in 
§ (4), tlu^ v<do<uty .of <u>try to each ring of 
noic/.leH may b(» Jiegka'ted for the purpose of 
(^ahmlatioti of tlu^ H\d)H(H]uent exit velocity. 


Thus w(2! have ^ 




'(W 
P ’ 


where p is tho density and is equal to l/V. Thus 
vdv= 


dP dP dp 
=^g-~=g^~ -c 
P dp p 


dV, 


if =(7((iP/iip) = velocity of sound in the fluid. Thus 

v^___dX 

c2~ v/ V 


__Ilatc of increase of volume 
Rato of increase of velocity' 

Hence if v is less than c the velocity increases faster 
than the volume increases, and the nozzle must con- 
tract in order to maintain the continuity of the flow, 
while if V becomes greater than c the reverse takes 
place. 

One very important result from these for- 
mulae is that the discharge through a given 
orifice under an initial pressure depends 
only on the cross-section at the throat and is 
indc])ondcnt of the back pressure, provided it 
is not greater than Z^Pj ; by continuing the 
orifice beyond the throat and lowering the back 
pressure, the velocity of the issuing fluid is 
increased, but not the quantity which issues. 

§(10) Ste/lM Capacity op “Reaction” 
Bead INC. — If we remember that the velocity- 
energy at entry to the blading is practically 
equivalent to the energy losses in the latter, 
so that tho jot velocity from one ring of blades 
depends almost solely on the pressure drop 
over it, an a])plication of the above formulae, 
or the direct use of tho fundamental equations 




YdP, 


for a xWiall drop in pressure and 
Ar. = QV, 

enables the steam capacity in “ Reaction ” 
turbines, where the pressure drop per stage is 
small, to bo calculated in terms of the dimen- 
sions and initial pressures, regard being had, of 
course, to the units in which the quantities 
are measured, for from the above we find 


p/^p— 4 9_! pv 

2g A2 ’ 


and Q is given by this equation, which 
reduces to 



H being tho homogeneous head, for a small 
but finite drop in pressure. 

In practice a number of assumptions are 
usually made which simplify the calculations, 
e,g. PV is taken as constant over any one stage 
^ Sec Steam Engine, Theory of," § (12). 
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mid equal to tlio liomogcnooim head, whiles 
}?dl* is written 

or 

1\ and Po beinii; proHauros at entranee and exit, 
tlie difl’oronoo being small in “ Hcuictioii ” 
blading. 

§ (11) EQTTlVAI.nNT TniililNRS AND EfPI- 
CIlEKOr — pAtlSO NS’ Co W KFTOllONT. — The prt)- 
vision of steam ea])acity in a turbine having 
been briefly discussed, the second problem — 
that of cniciency — must now bo eonaidored. 

The earliest Parsons compound turbines 
which worked non-condensing wore made with 
almost parallel drums of a single diameter, so 
that the mean diameter was nearly constant 
throughout. Kor the velocity ratio to be con- 
stant, therefore, a constant steaTu-jet velocity 
was required at every row of blades. The 
fundamental equation VdP may be 

written 

p’ • • • 

and shows that for v to bo constant at every 
stage the blade discharge area of each stage 
must be made (P + dP)/P times that of tlie pre- i 
ceding stage, assuming, as an ap|)roximation, { 
that H is constant. Since the blade diH(diai‘g(> 
area is directly proportional to the hla(lo- 
longth, it follows that the curve of blade- 
lengths from stage to stage will be approxi- 
mately logarithmic, so that when low-pn'ssun^ 
steam is to bo used the blado-Iougths on the 
assumed shaft diameicr will soon Ikwoiuc im- 
possible of realisation in ])ractico. In other 
words, it is not, in reaction turbine design, 
possible to choose a suiglc diameter of shaft 
which will allow of reasonably largo blade- 
lengths at the high - pressure end and at tlie 
same time reasonably small hlado-lengtlm at 
the low-pressure end. 

Parsons therefore introduced the devices of 
stepping the shaft, and jdacing the ])Iading on 
successively larger dianietei’s (ABCII), Fig, 10), 
so as to accomnuulato the ever - increasing 
volume of the steam. This artilici* very greatly 
reduces the necessary ])lade-huigthH, because— 

(1) Doubling the mean diameter doubles the 
discharge area of a row of bladcvs of given 
length ; 

(2) Doubling the mean diameter doubles the 
moan blade speed, so that double the steam- 
jet velf)city is i (squired in order to maintain 
the same velocity ratio. 

Thus the bladf''- lengths ar(^ invcu’sely as th(‘ 
r.(piares of the mean dtam(‘t(‘rH. 

This d(‘parture from (lonstant or luw'ly <'on- 
stant mean diameter, howcv^(U', soon iniuh’s it 
ev^idemt that iio racilita,li(’i calculation some 
rapid method of coni])ariH()n of the value of 
groups of simple turhiiuss on diUVrciit dia- 


meUM'H must b(Ml('vis(‘(L Paa'Hons Mh()W(‘d that 
hi a pure proHsure compoumh'd tui‘I)in(\ if a 
given amount of availal)l(^ lu'at Lv dividisl 
up iM(ually over N prosHun^ stagt's, tlum from 
lirst priuciplc^H tlu^ vi^locity I’aiio 

n 7r(/R/l2x(;() 


y 1 , ’ 


( 20 ) 


a relation which lu^ afterwards (^xbunhal to 
the (also of a prossun^ compoumhHl lurhiiu^ 
wliudi is also vi'Iocity compoimdcsl. Il^ will 
he recalled (§ (2)) thali in the eaH(^ of v(‘locity 
wIhh'Is, their e<|uival(n:c(‘ as r(\gar'(Is eapacilyfor 
ul'ilising h(*a.t when (>[)(U*aiiing at similar points 
on their r(‘sjK‘<itiv(^ ('llicicncy curvu'S varit'S as 
th(^ squan^ of th<^ nmnlxu’ of velocity stagt'S (//)■ 
Tlu^ velocity ratio is tluMidore giv('n by the 
general expnvssion 

()dl2 /d'Wii-N 
v> ' a ^ 

(using inches and nwolutions p(M’ minuti^, which 
is the general ndation eoiuu'ctiug mean dia- 
nutter, nuinhor of pn^Hsun^ stagers, number of 
vedoeity stagf's, and tlu^ nwolutions of a 
turbine, with the velocity ratio attainal)lc 
with a given total heat drop. 

The <‘xpr(‘Hsion (f/“I',‘b/-N)IO-^ or more 
simply, in the (‘UiSC' of purt^ pn'Hsiirc (compoumh'd 
turbiiK's, (cZ-l-l'-^N)!!) ^ has ahvuys Ixh'u (h'UoU'd 
hy “ K," mid is imivi'rsally known as the 
Parsons (Mxdru'ic'nt.'’ It eimhk^s instant 
conqiarison to be made bctweiui dilh'ri'ut 
blading arrangimients. Kor ('xaniple, supposi^ 
that two ,‘J-row (hrliis v('locity whoeds, (sudi 
of IKK mean diameter, an^ opcmited at the 
theorotieally eorrect vi'locity ratio for ma.xl- 
nium edicieiuiy, i,e, 1/0 wIkui (he revolutions 
per minute are lUKK). How many slngkvrow 
vedoeity wlieels of 47'' mt'an diaim'ter must 
he substituted, in oi-dcr that the latt.c^r may 
operate (with th(' sariK' total Ii('aii drop a,M 
before) at thc'ii’ theoi*('|;icaI vi'locity ratio for 
niH.xiimnn (dli(d(S)cy, /.<>. 1/2 uIkmi ihci ii'volu- 
tions jKU’ mimit(^ ar(^ 2100 ? 

If be tli(^ numixu’ of singh^-row vidotdt.y 
whe(ds r(‘(piir('d, tlu'ii 

2(110x0000 .:{)'> .r(‘l7 >;2d00x I)^ 

HO that X 101 ; that is, about 10 wdux'ls. 

Again, supposi^ it is i’('<(uir('d to ascm’l.ain 
how many pn.irs ” of ivaction bladiipi; on 2d" 
mean dianu'On’ rotalhig ;d. 0000 r.p.nu an^ 
('(pii valent to tlit' adiovi^ 

It niusi/ Ii<‘r(' h(' nol.ixl that in (Mjnation (20) 
N n'lers to the nnmix'r of pr('SHUi’<‘> stages in 
a turhims whi<ih in tlu^ (’aH(i of impulsi' tnr- 
hiru's is uhmtuxU with the number of rings of 
nozzles. 
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In nviniinn (.urbiiu'H, bowovc'r, Hincui tboro \h 
a (li’op in |»n‘HHurn ov(M' tih(^ tnovinjyf rowH of 
aiM \v('ll an ov(‘r iiho rowH of (ixod jL^uido 
l)la<l('H divinioii of i,ln^ lioat. drop ])or Htia.ij;o 
Ikmiiij nnwh’' a-boid) cMpial), it followH that if 
aiH^ N rowH of (ix(‘d {j^uidoH (or iiozzIcH ”) 
iilKM’o ar(^ 2N pivssHun^ ntajjjoH in tho turbine. 
Ibdatiion (2(1) (ilunadore Ix'.ootneH 

o-iia ^'2 ^ 'O-H?. /J'". (28) 

V’ ^ -S' io“i^ V ' ' 


In thin laHt (iaH(s i.horefore, 


(47 X 2400x1)^ X l(5i 1(21 x ;j(}0() x I)"?/} x », 

or // 51) r(MU'.tion '' pair.s ” or 112 rowa of 

bln.<l(\s. 

In tilu' ^(Mun'al oaiH<\ tluM’(4oro, of a turbine 
oonHiHliin^ of i.wo oi* inon^ ahafta, rotatanj^ at 
dilhn'i'idi revolul.ions, iduMi wiiili any arranjL 2 ;o- 
nionli of bladin^j; eoiiHiHianji!: of a Reri('!H of vvlunda 
of dilb'nnit dianu'ti'ra, velocity compounded 
or not, if tlu^ expia^HHiou 



baa a (UM’taln value, then any otlier blading 
arrang(Mi\(‘nt giving tlu^ aaine value of K ia 
(Mpiivahudi to it. 

(Ill the eaiHi^ of reaction blading, the above 
apecial niodilicat.ion niUHt, of courHc, be 
oI)Herv(Hl.) 

For ('xaiuple, Hiiiipose in a i)urc pn'HRure coni- 
pouiKhvl turhiiu^ the total K in 180, ami tlie fltoam 
condil'ionH are Hueh that JIHO B.7''h.irmtH/lh. arc 
tlieond.ioaJl.v available for convc'rHioti into work, the 
mean ov('r-all V('loeity ratio in 


whieh iH ahont tlu' peak of tlu* curve of eflinienoy for 
ningk'O’ovv velocity vvIi<'('1n. 

Fui'IiIku', if !i v<‘loeity compounded tnriuue (alHo 
pi'cHHure eotnpound<*d) wiili Ji-row vvIk'C'Ih haw a total 
Is. of 180 and operalcH with llu^ Hame lu^at drop, 


0-02 /IHO 
2 280 


045, 


whieh IH al>out the p(Mdi of the curve of eirioienoy 
for 2-rovv veloeby wIk'cIh. 

l,aHt'ly, in a rt'aetion turhims if the total K w 
(2 >: 180) 200, tlu'ii with th(‘ Haine availahk^ heat 


a 


0-87 


/2(;o 

V 280 


()*85. 


which iH about tlu* |K‘ak of tlie enieicMiey curve for 
UMiedon hhnling. 

h'lu^ gi'iu'ral eaH(s how(‘V<'r, in not of tlie Hatm^ 
im poi’taiKU) ill luodt'ru praetiei' an (lu' Hp<'cial ca.Hi'i of 
pure' pr(‘HHUi’(‘ conipouudliig only, for two reaHouH : 

(I) AK/hough n group of 2-row velocity whei'iln, for 
luH(iaiUH\ may oixa'afing a(i a point on tln‘ eorrc'- 
Mpoudiiig eni'eiimey eurvi* which Ih Himilarly Hi(,uated 
to th(‘ point at which a group of Hingle-row velocity 


wIkm'Ik are operating oii their efficitmey curve, the 
actual elUcicncy will he very dilTcrent {Fig. 7), so that 
e(piivalent “ R ” doen not moan equal elHcicncy. 

(2) If (xpiivali'iit “ R ” were tlic condition of (‘qnal 
(dlieietioy, iluai there would be no field for any 
turhine hut the multaple-row Hinglo velocity- wheel 
type {i.e.. without pres,siir(‘ compounding at all), 
Ix'OjiUHo thre<^ or four rows only would .suffice to deal 
with tlu' entire heat droj), so that for simplicity and 
HhortiK'HH this design would be unrivalled. 

§ (12) dOMl’AHLSON OF TurUTNF PERFORM* 
ANOE.S. — This method of comp<anson of the 
value of diffcroiit types of blading, or of 
diff(U’ent arrangements of blading of any one 
f.y])o, by moans of the eoefiiciont “ K ” enables 
the data obtained from actual tests of turbines 
designed for different conditions to be mar- 
shalled in such a way that they can be com- 
])ared on a rational basis, and further that the 
piwformanee of a projected design can be 
predicted with considerable accuracy without 
a <letailod knowledge of the los-scs. 

Rroin n(4.iial teat data, coefficients have 
b(H‘n arrived at giving the cliffercnco in steam 
c.onsutnption obtained with different turbines 
designed fot\ rcs])octivcly, different steam press- 
ure, dilTenmt initial Huporheat, and different 
exhaust vacuum. 

Wluui the actual steam consumptions of 
dilTerent turl lines are corrected to an arbi- 
trarily aHHUincd standard set of steam con- 
ditions in tliis manner, the over-all efficiency 
ratios calculatcMl thei'ofrom and iilottod on a 
base of total “ K ” will lie with reasonable 
aeeuraey on a curve which is really of similar 
character to those in Figs. 1 and 7. 

The curve, having once been established for 
a given set of steain conditions, can then be 
used, in conjunction with the correction curves 
for pressure, Huperh oat, and vacuum, to compare 
actual ])crf(>rmancos of jiast turbines, and to 
predict the [lerformancos of now turbines when 
designed for any other given set of steam 
conditions and tested umlor these conditions. 

iSuoh a method of compariHOii, whilst convenient 
for rapid estimation, docs not, of course, render 
dctaikHl analyHis of the losai^s (mtircly unneccs.sary 
wlu‘11 (IcHigniiig a turhim* to moel a rigorous .spocifica- 
fion, on account of the fact that the steam conditionR 
and otliiT I’oquiremeiitH to h(‘ met in turhine. con- 
Hlii’uction are so widely dilk'n'iit that special allow- 
anc<‘H have to he made in many caHC'H. 

ht)r example, it is not poHHihk* to company accur- 
ately the pcn’rormauce of a vmy small turhine with 
that, of a largi'i one hy the coenicient nudhod aloms 
owing (.0 th(‘ fact that tlie Iohhc'h in a small machine 
must lu'cessarily be proportionately very much 
gi’(‘at(‘r than in a largi^ om‘. Again, in vmy large 
turbines, where the ma.xiinum output/ ai.tainablo at a 
giv(‘n Hiie(‘d and with a givmi vacmuiu is nxiuired, the 
“ h'aving hiss,’' or loss hy kincdic energy of th(' steam 
h'aving the turhine ami ('ntering the exliausts may 
ix' v(‘ry abnormal, a (drcumstance which will con- 
skhvahly diminish tlu': over-all enicimicy of what 
might. o'tluTwise have Ix'en a very cfiicumt mtichino. 

2 X 


VOl., I 
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§ (13) Calculation of Leaving Loss.— 
Suppose, for instance, that a wheel of mean 
diameter d has a row of blades of cfToctivo 
length h mounted round its pcripliery. Lot 

h=ad or = a constant. 
cl 

Using the equation 

QV-Ay, 


where A = Ich-irdf the equation 

^ __irkad-v 

~ y - 


(30) 


is obtained. A common value of a for the 
last row of blades in a turbine is so that 


144 ^ Q,V feet 
itd-k ^ 3G00 ^ird-k sec. 


( 31 ) 


=the relative velocity of the steam 
through the last row of moving 
blades. 


From a diagram of velocities (as in Fig. 17) 
the absolute velocity of the steam as it 
enters the exhaust 
^ passages can be 
determined. This 
velocity energy is a 
dead loss on the 
available energy of 
expansion for the 
whole turbine, and 
Tig. 17. known as the 

“ leaving loss.” If 
Ifl is the heat drop measured in heat units 
required to produce this velocity, then 



so that 


r B,Th.U. 


h. 

Ia 


X 100 = the percentage loss in efficiency 
for the whole turbine. 


It is not usual, in high-pressure condensing 
turbines, to permit to exceed 5 per cent of 
and this figure is only tolerated in extreme 
cases when the exhaust vacuum is very high, 
and the maximum possible output from a 
given frame is required. 

§ (14) The Advantages obtainable from 
Increased Vacuum.-— If is the total heat 
above vacuum temperature (or, more strictly, 
above condensate temperature and is 
the steam consumption in lbs. per kilowatt- 
hour, the thermodynamic efficiency of the 
turbine is 

3412 

^ • ■ (33) 

Oq J-io 

If the vacuum be increased, or, in other words, 
if the condensate temperature be lowered to 
the improvement due to the decrease in 
steam consumption will bo to a cKwtain extent 
discounted by the inoroasod total heat 


which has now to be HUf)pUed by (du^ boiler 
])lant. .In (diis e.asc^ ilu^ tliennodynamic (dli- 
cieney (d the turbiiui is 

xioOiKu-yii.a. . . 

hi X I 

If, however (as in modiwu methods of fei'd- 
wator heating now usually adopted), sieam 
at pr(‘HHur(‘8 {jonsiderably i)elow atmospherio 
is led from the turbine and used for heating 
the fced"wat(u-, it is possible to kei^p t e.ou- 
stant, in which ease tho iinprovemcuit in h<iat 
consumjition is idimtical with tlie improvement 
in steam consumption duo to higher vacuum. 

Assuming that there are about 1000 B.Th. 
Units remahung in each Ih. of exhaust stcuun, 
it will be clear that if 1 per cent of the total 
steam entering a turbine is tapped olf at an 
advanced siago of (expansion (so as to minimise 
the work lost by tapping oil), this will bo 
suffieient to raise tlio temperature of tho 
main condenaato by about 10“ K Tho torn- 
peraturo of the exhaust steam cian theroforo 
bo lowered by 10“ F. — that is, a higher 
vacuum can bo utilised — without altering .lit, 
which has to bo supj)liod by tho boiler plant. 

If tho turbine has N stages of equal outjiut, 
and tho steam is tapped oil in front of th(‘ 
(N~l)th stage, then tho loss of output will 
bo only (2/N) x 1 ])cr cent, whilst tlu^ gain diuj 
to tho raising of the vacuum will Ix^ h(xui from 
Table VL,‘ which luis Ix'on drawn up on the 
assumption of tho following initial steam 
conditions : 

Gauge pressure . . .300 Ibs-Z’^T* 

Total tomporature . . 088“ 

Initial superheat . . F. 


Taulio VI 

Effect of Exhaust Vacuum and Economy 


AllBOlUto Ex- 
linuHt I‘i'OKsuro. 
Iiiolii'S IIk- 

Imi>n»V(*in<iuli iii Stoiuii 
CujiHuiiiption lii rer oc'iiL 
of th-it at 2’i)" IlK. 
Uxlui\iHt Vacuniu. 

Tuniromtm'w 
(txliauKt), ® F. 

2-0 

0 

101 -11 

hr> 


(II -(i? 

LO 

7*})() 

7H'I)0 

0-{) 

Old 

75-77 

(h7r> 

11 •15 

70 •33 

ihii 

13-15 

03 •8(1 

O-fi 

I5';{5 

58-70 


This table shows, for example, that a drop 
from lOl-r^ K to OLOT’ M, which (torre- 
sponds to an inenuiso in vacuum from 28'^' 
mercury to 2SV' UHUHuiry (barometer .30^'), 
improves the steam consumption of tho turhmo 
by 3-3 ])er cent. 

The table also shows the great imj)(>rtaneo 
of high vaeuunL*-in oth(U’ words, reduced 
exhaust tempm’aturo — in elTeetmg steam 

‘ Journal /.JiJ. li. cccll. OBO. 
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fMiononiy, and OHix'cially if iJio fcxul-wator I)o 
h<‘jd.('(l by UHNIUH of low-pro.sHiin' Ht^'ani tapiual 
olT from Mi(^ tiiirbiiu'. 

(‘xtiHoiudy low (k'aHiiy of Micani at. low 
piH'HHUiH'H, lio\V('v<'r, in a (‘iiHmmHl.arKHi inooii- 
the rcxjuircMJumt. of vvvy lar^o 
oiitpiit. from a giv(Mi fraino, on a(womil. of the 
l(‘.avin;L^ loHH. (fom]>ronuHo liaH therefore to be 
r(\sorted to in .sne.h (^aH(‘H, wliieh are bceoniiug 
iunneri(^ally ^j^nxiter ami of iiiercaHing inij)ort- 
ane.(\ in tnodcn’ii laud Power Station 'work. 

(If)) Maximum OuTPirr ruoM a given 
I^'uAMio. - MtroHMc^H / in a given dise, diio to 
iiiH owri rotiation, are })ro})ortional to the square 
of i.h(^ pro(lmd) of tlu^ angular velocity w and 
p(X'iph<M*al diaimd.cu', and if the blade height 
Ix'ai'H a tM)UHtant )‘a,iio to the mean diameter, 
i.h(m /' « 

'riic. a.ddii.ioual HtreHH(‘H caused by a peri- 
plun-al load such as a row of blades of given 
luught-ratio an^ |)i’oportiioual to the same 
pnxluet d’lius, if A is i.lu' faci.or of Haf(d.y 

allowcul for th(^ matcu'ial us(h 1, and is the 
ultimaii(^ strength of l.hat maiicrial, then 

P . . . (34) 


and the steam consumption curve becomes 
asymptotic with regard to the x axis. 

Assuming a given leaving loss, however, it 
is a simple matter in any given case to work 
backwards and find out approximately what 
value of Q — in other ivords, what output — 
gives this percentage loss on the efficiency ratio. 
An approximation to the probable efficiency 
ratio e of the turbine will have been determined 
by the coefficient method just described, so 
that the probable steam consumption in lbs. 
per Idlowuitt-hour will be known, and this 
divided into Q gives the total output in 
kilowatts. 

Thus, 


1 kilowatt-hour 

= 3412 B.Th. Units, 

3412 


Ia 


3412 


= the theoretical steam consumption 
of the turbine in lbs. per kilo'watt. 
hour, 


c. 1 
whilst 


~=the probable actual steam con- 


sumption, 


(T ludug a eoustaut. Hubstituthig for (P in 
(Mluatlon (30), It is seen that 

/trhtiA P t"' p . 

»■ K‘von oaHO. (35) 

Tlie maximum output obtainable under any 
givt'U sk'am 0 ()rulitiouH, tluu’efore, de{>ends on 
th(^ ultimak^ str(uigth of ih(^ material used, 
and on the angtdar velocity or number of 
iHWoliitions ])(u* second. 

It will b<> He(ui from e(piation (35) that, other 
things Ixung eciual, the dominating factor 
alT(Hdbig output is the exhaust vacuum, 
h<'cauH(^ th<^ Uxiviug loss” depc'nds upon the 
total volumo of steam ((vlV) forced through 
tlu^ luist row of bla<l<'H per unit time, ^iinco 
tlu' total wi'ighi. of st(‘ain passed per unit 
tirin'! is iiuu'rsely as thi^ density, it follows that 
for a given buwing loss Ingli vacuum reduces 
total oulpui.. On Ou^ other hand, high, vacuum 
means grr^aUw available lieu.t and thoroforo 

up to a cert.ain point- r'od need steam con- 
sum irtiom Por a givrm turbine frame and 
givtui vacuum, in other words, the output 
should not Ix^ made to exceed the limit whore 
th(' Ix'nelit of that vacuum is wiped out by 
the leaving loss, in whii'h ease the steam 
(■(msumpt'ion will he pnmthially no better l.han 
that whicli would be obtained with a lower 
vacuum. 

Wluni th(^ (sxhaust Vacuum of a turbine 
is iwogi’essively rakxl ---that is, when the 
absolute (exhaust prr^ssun^ is iwogressivcly 
lowered the steam consumption will fall as 
long as th(^ l(xi.viiig loss is Tiot excessive, but 
a poiutds rc'aehed when^ the gain due to further 
rediKition in oxhauHt pressure is ,iuai)prcciable, 1 


QsIa 

3412 


=tlic total output in kilowatts. 


§ (lb) Tukbine Losses. — In calculating the 
])robable efficiency of a turbine at the coupling, 
the losses w'hich reduce the inherent blading 
efficiency or “ curve ” efficiency (Fig. 7) in a 
given case, may be divided into three sections ; 

(a) (1) Losses in the steam chest due to 
throttling and wire-drawing ; (2) leaving loss 
from the final stage of the blading ; (3) losses 
in the exhaust pipe between the turbine and 
the condenser. 

(b) (1) Leakage losses through diaphragms 
(in impulse turbines) and over the blade and 
dummy piston clearances (in reaction turbines) ; 

(2) disc friction and blade ventilation losses 
(in impulse turbines) ; (3) losses due to the 
fact that some of the stages are operated by 
wet steam. 

(c) (1) Bearing losses ; (2) gland losses ; 

(3) power required to drive the governor and 
oil pump. 

The losses (a) vary as the square of the re- 
spective steam velocities, and may therefore be 
expressed as a fraction of the total isentropic 
hoat-droj) J^. 

The loHHos (b) depend upon the steam 
conditions for a given case, and render what 
may bo termed the “ indicated ” blading 
olliciency lower than the “ curve ” value 
(Fig. 7) for the particular over-all velocity 
ratio at which the turbine is working. They 
may ho expressed as fractions of the “ curve ” 
efficiency E. 

Jjoshch (r) are independent of the steam 
conditions or the output of the turbine and 
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are constant for a given frame. They may 
be termed the “ mechanical ” losses, and 
expressed as a fraction of the output at the 
coupling (L), 

Thus if E is the “ curve” efficiency and d 
is a fraction representing the total correction 
for losses (6) and the gain due to reheating,-^ 
then the indicated ” efficiency may be 
expressed as 

Ei=E(l-5). • • • (‘^«) 


If there were no further losses, the turbine • 
output in kilowatts would be 


Lo = 


3412“‘ 


(37) 


With losses (a) (designated by I, the fraction 
of the isentropic heat drop and with 
mechanical losses (c) (designated by X=tho 
fraction of the effective output L) the effective 
output (L) at the coupling becomes 
L=:Lo(l-Z)-XL 

_L„(1-Z)_QEiIa/1-Z\ 

“ l + \ “3412Vl + xJ 


I 1 + X 


• 34i2) • 


Q.E 


(38) 


= (a coefficient x total steam used 
per unit time x “ curve ” 
efficienc}^). 

Conversely, taking actual test results of 
different turbines, the calculation may he 
reversed to determine E, the inherent blading 
efficiency. Fig. 18 shows the result of some 



calculations of this kind based on actual tost 
data for reaction turbines. 

§ ( 17 ) Tiir Applkiatjon of tfir 8 tkam 
Ttjebine for Land Pltrpose.s and .for 
Marine Propulsion. — The steam turbine is 

^ fSeo § ( 7 ). 


widely used for driving blowers, (Himpu'sHors, 
exhausters, and fans in mini's, collii'ries, iron- 
works, gas-works, etc*. 4'lio similariiy of 
physical pro])CTties oE lh(' Ht(vi,m driving 
the turbine and the gas Ixnng compressed 
enables the turbine and goiu'raiior to Ix' couphxl 
direct, whilst any speed suil.a.l)l(*, for the 
generator is suitable for the turbine. 

These two conditions, Uowiwim', nami'ly, (1) 
free choice of speed, (2) compatibiliiy of turbine 
speed, arc not simultaneously Eidfilled in other 
very important apjdications of the turbiiu', as 
will ho realised from the following considera- 
tions : 

The ])rmcipal use of the steam turbine for 
“stationary” work is in tlu^ field o£ electric 
power generation, whore it is now almost 
universally adopted for driving aUeriiating 
current generators or continuous ciirnmt 
dynamos. 

In the former case the plant is direct (xm jib'd 
(except in small sizes), since turbiiu's juid 
alternators vary in size and sjx'cd togeilu'i*. 
The periodicity or frequency of altiin'iiation 
required for the electric sup])ly, howovin*, 
dictates certain S])ccds and certain Sjiecxls 
only at which the alternator can run. In this 
country the periodicity varies in dilTorcmt 
systems from 25 cycles to 100 cycles per 
second ; the general tendency being to make 
50 the standard. With any given pi'riodu'ity 
the possible alternator revolutions are given 
by the relation 

.__I>eriodicity___No. of evolutions x No.orpnirH orjiolcH 
sec. ~ ”* ~ (id 

“(io' 

Thus if the periodicity is 50, the possible 
revolutions for direct coujilod scdis are as in 
the table holow : 


T*ori(i(lioltiy, 

/. 

1 ‘iilrH of I'oleiH, 

UtJvulutlimH tXM' Mill,, 
II. 

50 

1 

:khm) 

50 

2 

1500 

.50 

,3 1 

1000 

,50 

-1 

750 


and .so oii. 



It will be seen, tlK'ivfore, (Jiaf .3000 r.ji.m. 
is the u])|)(‘r limit of n'volutions at which 
the alternator cati run, to giv(^ a jx'riodic^itv 
of 50. 

If the over-all dirnensiouH of a l^urbiiu^ bo 
doubled, and tli(' numlx't* of n'volutionH be 
halved, Iheu tdic! stcxim <(apa(dty will cbxirly 
1)0 quadrupl(Ml, whilst the rolialional stU'SHcs 
will remain unaltered. If, theipfore, a i.urbino 
has been designed which will giv<^ tlu^ maximum 
IxiHsible outjuit (umhx- giv('u eouditioiiH) at 
.3000 r.j).m,, another turbine can be built to 
develop four times the oulput at 1500 r.j).m. 
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IImI, ih, l.lio niaxiiimim (>u(,|)ii(; vaiios iuvoraoly 
a.s Uio w|„an< of (,ho s|„,,„|. Kmoo .atomators 
Ko iiji III nine iiiulor tho mnuo law, li, in ahvaya 
| 10 HH||||(. (,o couNl.ruol, a dinwt wmplwl tiirliim, 
alkM'iiator. 

In lih(' of (lynainoH, on iho other Imml, 
ilio oiiiiput, of iilui (Iviianio (looH not ^o up 
inverHoly jus tiho H(|uare of the npeod, and 
(M)UHe(iueiitly then^ eoinoH a ])oiut whore tlio 
(lynaino Hpoi'd Is far f.oo low for the turbine 
(Iriving it. l\)v instauecs a direefc ooiipled 
iurbo-dynaino for 1000 kw. at ,‘J()()() r.p.in. 
<'aii 1)0 huilii, but at .1500 r.ji.ni.— at which 
a fiurhiue with the same rotational 
Htr('HH(‘s can devedo}) 4000 kw.™a sin/:?lo 
dynamo can oidy builfi for an output about 
tvviim f.ho pivvious value. If tlu^ turbine is 
Old, d(.wi\ ill HO jiiH to (hn-idop only 12000 kw. 
at IbOO I'.juu., then the valm^ of the “ K ” co- 
ollieiiMdi will b(' far t,oo low to permit of ^.^ood 
oeononiy. 

1 hiiM ineonipuifiibility o| Hpianl of turhineH 
and direct eurivnt yeiUM'ators has been solved 
(abouli 1012) by 1‘arNouH, vvlio jj;radually inf/ro- 
dueixl an aeeura.te form of double ’ lielieal 
tfeariu^^ U’lmdi sabdy and eOiideutly transmits 
lar^<‘ powi'i'S wii.liout uiulue noise, (ihus per- 
mittiii,u: bol.h liui'bine and generator to be run 
at r<*M()<Hdiivi‘ly siii(nl)le MpeixlH. 

ddu)^ <l(‘V(dopm(Mit of meelianieal speed- 
reduetioii gearing has also opened up a new 
lield^ in land work, enabling the high-spood 
liUf'biiit' (lO be eouphxl eiiUier through gearing 
alone or hy means of a rope drive to the 
<b‘iving shaHiS ol licxtih’' mills, paper nulls, 
rolling mills, ete. 

A further dcwelopimml. in tlie ease of nulls 
and faetorii'H rtajuiriug large and varying 
<|uanli<(ieH ol slieain (or lu*a(iing and process 
work has bi'eii (,|ie iutrodiietioii of ilie Pass- 
out (lUi’biiu*, Iroiii which sliisam is eontinu- 
ously tupped olT as repuin'd from a suitable 
poiidi oil the turbine eylimku’, whilst the load 
on (fiu) driviMi generator is automatically 
maiuliaiiUMl by the governor, 

(I^) Htioam TuiunNi'J n’oit Maiunh; 
IbtoiMi UMioN. ^'110 HfiCam turbine for marine 
[U’opulsion has tiu) sarue eharae.tieriHties and the 
satue main types as for stafionary work. The 
wide dilTeriiiUio, howevm’, betwinm a steam 
turbiiu* adid a water Idirbine alluded i.o above, 
arising from the dilTerent density of th(’> 
medium, made il.si^lf imnuMliatidy apparent 
in the reeoneilialiion (bat was nee(‘HHary 
b(^l(W(XMi (die ixmtlildons lU'eded for enieuaiey 
of (die (dirbine on (die one hand and (die siirew 
propeller on (die o(dier. 4die jirojKdler imposes 
serious liinii.addoUH on tlu^ revolutions of tlu^ 
(dirbiiU'H, (‘spixdally in the <‘aHe of vi'ssids of 
low sjH'ed, wliilsli with Vi^HHi'Is of high speed the 
plienouKMion of eavitaldon is ('iieountered, 
inimical to liigli (‘IheiiMicy, udid under certain 
vireumsl'anei^H the (uiuse of erosion of tho 


])r()pellcr blades. Provision has also to be 
made for reversing. 

bor these reasons, in marine turbines the 
full expansion of the steam is usually spread 
over two or moi'o units in separate cylinders, 
frequently driving separate jiropoller shafts. 
I his miiltijilication of expansion stages in 
separate turbines was further resorted to in 
order to meet tho demands of widely varying 
output in the case of w’arship machinery. For 
cruising purposes one or more additional 
turbines has been ])rovided through which, at 
cruising speeds, the steam is partly expanded 
before admission into the main turbine. 
Alternatively, additional stages can be pro- 
vided in the high-jircssurc turbine, which are 
hy-j)ass(‘d at full power. When such stages 
consist of im[)ulse wheels, the number of 
iioz/dciS admitting steam can be varied by 
means of control valves to maintain the 
initial pressure. 

Without such cruising turbines or stages, 
at low ])owcrs 11 le steam would be wire-drawn 
at admission, and a considerable part of the 
available energy would ho wasted. 

On account of low proj)oller revolutions, 
j)T’oj)iilHion, by moans of steam turbmes directly 
coujiled to screw ])roj)ellers was found only 
j)racticable fur vessels of high speed, such as 
chamud steamers, fast liners, and warships. 
For vessels of low s])eed and small power the 
])ortion of the turbine would 
ho subject to considoral:)lo leakage loss, and 
inferior in oiliciency to tho high-pressure unit 
of a rocij^rocating ongxuo. The low-pressure 
portion of the turbine would, however, retain 
its advantage as regards efficiency and 
economical utilisation of the vacuum, and a 
coml)inatiou, iherofore, of a high-pressure 
reciprocating engine and low-pressure turbine 
was adopted in a few instances, the low- 
pix'SHure turbine driving a separate propeller, 
ddio necessity, however, for such compromises 
has entirely disap] )oarccl with the ado])tion 
of mechanical gearing between pro]')ellor and 
turbine, which has practically left tlic turbine 
free to bo designed at its own best speed. 

R. D. 

TuanrNWS ; 8ee “ Rtcam Fngine, Theory of,” 

§(n). 

’'PypeH of. Bee “dhirbine, Development of 
the Steam,” ^ (2) ; '' Btcam Turbine, 
Idiysies of,” §§ (!))-( KJ). 

Tuiiitui.uN(M'; : Fffuot ok, on Viscosity of 
Fijiids. vSee Friedion,” (4). 

TUK,llUUKNCK TN InTKIINAU OOMBtrSTTON Fn- 
oiNio (IvoiNUKHS. Bcc “■ RngiiicH, Thermo- 
dynauiies of Internal Oomhustion,” § (b7). 
T\V m ) I ) KUL' S 1)1 lAK V ) R K NT r Ar. A( !( U rivt U U ATO R FOR 
nvDRAumo Stouaom. Boo JlydrauUcs,” 
§(r)0)(ii.). 
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Two-stiu)ke Internal (loMBUSTtoN Knuineh. 
See '' Enginoa, Some Typicu-l Internal 
CombuBiiion.” 

Clerk Engine. § (9). 


Day’s Engini^ (\'alv(^l<‘aH). § (12), 

Dieaol Dngiiie. § (1(1). 

Koerlfiiig EtigiiUL (10). 
Oeeliolliauw'r EngiiUL §(11). 


U 

Una -FLOW or Uni -flow Steam Enotne. 

See “ Steam Engine, Reciprocating,” § (0). 
Undershot Wheels. See “ Hydraulics,” 

§ (47) (iii.). 

Units : 

Djniamical. Sec “ Dynamical Similarity, 
The Principles of,” § (4). 


Electrical and IVIagiK'iixL Itelation l)(d’AV 0 (Mi 
See ibid. § (:U)). 

Kinoinatic. See ibid. § (2). 

Thermal. Variation of Spocilie ll(Mit of 
Water with Tomperal.uro, S(h^ “Cabu’i- 
metry, Mothod of Mixtun^s,” § (12). 


V 


Vaotjijm Pumps, High. Se*e “Air-pumps,” 
§ (38). 

Valves : 

^'or Pumps. See “ Hydraulics,” § (35) (v.). 
Steam Engine. See “ Steam Engine, Re- 
ciprocating,” §§ (2) (it.), (5). 

Van dee Waals’ Equation : a second 
approximation to the behaviour of fluids 
under changes of pressure, volume, and 
temperature, leading to the equation 

See “ Thermal Expansion,” § (19) (ii.) ? 
“ Thermodynamics,” §§ (59), (66). 

Vapour. See “ Thermodynamics.” 

Pormation under Constant Pressure. § (20). 
Specific Heat of Saturated. § (53). 

Wetness of. § (34). 

Vapour Compression Refrigerating 
Machines. See “Refrigeration,” §§ (2), (3). 
Variables, Non-dimen.sional. See “ Dyna- 
mical Similarity, The Principlc.s of,” § (8). 
Vauxhall Automobile Engine. Sec “ Petrol 
Engine, The Water-cooled,” § (6) (ii.). 
Velocity Images. See “ Kinematics of 
Machinery,” § (3) (iii.). 

Velocity in Fluids, Critical. The .s]X‘ed 
at which stream-lino motion in fluids breaks 
down and eddying motion is set up. Sou 
“ Friction,” §(11) (iii.). 

Velocity of Flow of Streams. See 
“ Hydraulics,” § (10). 

Velocity of Mean Square, Deeinition of. 

See “ Thormod 5 mamicH,” § (66). 

Venturi Meter, used for measuring the flow 
of Ikpiids in i>ipos. Sec “ Hydraulics,” 
§ (24) (iii.) ; “ Motors, Liipiid,” § (4), Vol. 111. 
Vertical Gas-engine, Typical. Boo “ En- 
gines, Some Typical Internal Combus- 
tion,” § (6). 

Vibrations of a Gravitating Liquid Globe, 
Application of Dynamical Similarity to. 
Bee “ Dynamical Similarity, The iPrincipk^s 
of,” § (12). 


ViOLLE, 1882, compared gas-tli(U’n\om(di(U'H 
with secondary standards of toinpiu-aiun^ in 
the range 50(F to 1600“, Beui “ ^D'lmpcyaturc', 
Realisation of Al)Holuto kSeale of,” § (39) (vii.). 
Virtual Velocitteh, Principle of. If the, 
points of api)lication of a systimi of foreos 
in eipiilibrium be slightly displaccxl in any 
manner consistent with g(‘oinotry of ilm 
system, then the sum of the produets of 
each force multiplied by the displaceuuuit 
of its point of ai)plieatiou resolved in the 
direction of the force is zero. 

Viscometer. See “ Viscomotry.” 

Barbct. § (8). 

Englor. § (()). 

Plow Type of : Poisimilk^’s tlieoreluial 
investigation of. § (2). 

Michell. §(10). 

Redwood (Type No. 1 ) : a ty[)e of viseonudxT 
used chiefly to detcrnuiui tlu^ viHeosity of 
lubricating oils ovi^r the uonnal ranges of 
tomporaturo for which these oils ari^ uhxmI. 
§ (4). 

Redwood (Tyi)e No, 2) : a type of viscometer 
UHcd to detx'rmiue ih(^ visc^osity of fuel oils 
at low temperatures. § (5). 

Bay ho It. § (7). 

Torsion. § (9). 

VIBGOMFTRY 

§ (1) Introduction. — T lu^ d(4(n'minaiiion of 
the visc-osity of H<|uids is an op(U'ation of 
frequent oceurroneo in s.p]>li('d hciimum', and 
several typos of visiiometm’ of sinipk^ (l('sigu 
have been ovoIvimI for uh(i in this c.oniK'c.tiiou. 
Tlu^ more ilieor(4ie.al diseussious of viseosity 
and the aiiplications to th(^ (low of fluids 
through pipes are dealt witli (^Is(‘\vhere,’‘ and 
in this section attxuitiori will hi' diwoted to 
those instruments, prineii)ally of eommeriual 
application, which are muployed for oils, etc. 
The instmmimtH having Du'. mosi, ext.eudiul 

^ “ Friction,” § VS) (ii.), ” Klow of Fluid (hrough a 
Circular IMpc.” 
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UHti arc! Iho Rodw^ood, Iho Kjn^dci’fand the Say- 
I)«dt) viHdoniotcM'H, each of which ih of the ilow 
typo in which ilio viHCiosity of the liquid iw 
dc^tonuiiuvl hy notiu^j; the time of ouiliow of a 
(hdinito volume of the li<]ui(l throuf^h a short 
j(‘.t under HpeculuMl conditioias. Tlio Redwood 
instriuneut, of whicdi there are two designs, 
is uh(hI principally in (Ircvit Britain, the Engler 
viHi'.oineter is used on the (tontiuent and to a 
certain exhmt in the United States of America, 
while the Sayholt instrument is used almost 
exclusively in the U.S.A. The Jhirbot visco- 
meter, used to a limited extent in bVance, is 
also of the How ty[)e. 

§ (2) TuMOIIY ok ElOW TyIM 3 VlSOOMKTKRH. 

ddu'i (low of a viscous lupiid through a 
uniform capillary tulx^ of circular cross- 
S(Hiiiion was inv(‘sllga.ted hy Roiscuiillc, and 
in (ilu^ simplest (uise may he repr<‘sented hy the 
formula 



where q -volume of li<iui(l (lowing in unit time, 
R fall in pressure of the lupiid over a length 
Ij of the capillary, R inl-ernal cross-seedion 
of* the ('.apillary, and 7 ; the viscosity of the 
liipud. This formula only holds if the (low 
of the liipiid is of tlu'i str(Munline type ; at 
higlun* ViHoc.iliies tlu^ (low Ixwomes turbulent 
and other relationships apidy. ddie invostiga- 
tioiiH of Osborne Reynolds in 1883 show that 
the (U’itical velocity at which the flow ceases 
to be streamlim^ in naiiure deixuids upon the 
viscosity of tlie li(iiud and tlu^ radius of the 
tub('.‘ His (‘xpre^Hsion is 



wh(U‘e V is tlu^ eritie.al velocity, R the radius of 
tlu'i iiulus and / is th('i ndative Iluidity of the 
H(piid. (Tlu^ iluidity is the reciprocal of the 
viscosity, ami in t.his case (.ho rotative value 
<«,omi)ar*e<l witli water at (E U. is employed.) 
T\\i\ cousl.aui. in the above expression iv.fera 
to valm^s of V aiul R in (Ul.S. units. 

Eor viseouH li<(uids sucli as oils the critical 
v<do<uty is not roac.hecl in the orflinary typos 
of flovv viscom(‘t(u*, hut if these instruments 
(U*e used for li(pddH as thud as water the con- 
Htaii(.s given lat(U’ will not hold. 

RoiH(uulk^’s formula was derived on the 
asHtimptiou f-hat tlu^ capillary tube was 
imhdinltely long in com[)arison with its 
diainet.iu*, ami furthcir, t.hat the lupiid docs 
not emm'ge with any kinetU? (miugy due to 
the pr(Wir(^ with which it is forced through 
the tube. B<)th ihm^ conditions arc violated 
in tlu^ easc^ of l*h(^ short j(d viseonuders under 
eonsidm-ation, and modilications have to be 
madci in the formula to n^preseiit the actual 
conditions of working. 

I “Erl(dl(m,’'§(i‘l)(l.). 


A more complete formula which takes 
ac^couiit of these conditions is 

’’‘'''8V(L + «R) Stt^L + jiR)!' 

The value q in Poiscuillo’s formula has been 
replaced by V/T, whore V is the volume 
outflowing in time T, while for the pressure P, 
gdji has been written to correspond with 
the condition obtaining in flow viscometers in 
which the pressure under which the liquid 
flows through the capillary is due to a hydro- 
static head h of the liquid under consideration. 
(l 7 is the gravitational constant and 8 f is the 
density of the liquid at the temperature t 
at which the observation is being made.) 

Poiscuillc’s expression holds for a tube of 
indeflnito length, so that the pressure P may 
1)0 measured over a length L in which the 
flow is quite uniform, he. the streamlines are 
parallel to the axis of the tube. With the 
case of short jets this condition is not im- 
mediately established, and the end effect has 
to be allowed for. Calculation shows that 
the length of the tube has in effect to be in- 
creased by an amount proportional to the 
radius of the tube, and hence the length L in 
Poisouillo’s expression becomes (L-t-nR); the 
constant 71 has a value 1*64 if the ends of the 
tube are plane and at right angles to the 
axis. In practice this is not the case, and 
cxi)orimontal determinations of this and of the 
other constants are made as described later. 

The second part of the expression is the 
correction for the kinetic energy of the out- 
flowing li(j[uid, and numerous investigations of 
the value of the constant 'm, both theoretical 
and experimental, have been made. If the 
second term bo kept small in comparison 
with the iirst it generally suffices to assume that 
7 t(. := 1 in accordance with the result of Couette’s 
solution of the problem, but in the case of flow 
viscometers the second term becomes promi- 
nent, especially for liquids of lower viscosity, 
so that an experimental evaluation of the 
term is necessary. 

The general expression above may bo 
written in a simplified form for use in the 
case of industrial flow viscometers, since the 
time of outflow is always determined for a 
definite volume (e.r/. 50 c.c. or 100 c.c.) for any 
typo of instrument. The expression becomes 


where rjt and 81 arc the viscosity and density 
at the temperature i, T is the time of outflow 
of the specified volume of liquid, and A and B 
ai‘e c.onstantfl depending only on the dimensions 
of the apparatus and numerical factors. In 
obtaining this Bim])lified expression it is, of 
course, assumed that the initial head is 
adjusted to a specilied value, and in conse- 
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vivscoMi^yniY 

luuuinu^v (lui’ii \^4 ilu^ o(nn’H(^ of an obw'rvaiion. 


quence the moan value of h during outflow 
ia conat<ant for tko tyj)o of inatrinuout uudor 
consideration. 

Jfor liquids of high viaeoaity the value of T 
ia fairly large for tlio usual typos of industrial 
viscometer, so that the term B/T boeoinoa 
small in comparison with the term A'T. Thus 
for these cases the ratio of the viscosity to the 
density becomes projjortional to the tinu^ of 
outflow, so that it has been the praetice 
generally to assume that the viscosity numher 
for a liquid is merely its time of outflow 
compared with the time of outflow for a 
standard liquid. Reference to this will bo 
made when considering the individual typos 
of flow viscometer. 

The more satisfactory procedure is, however, 
to deal with the absolute values of the vis- 
cosity as given by the formula 


and it conaequcntly becomes necessary to 
evaluate the constants A and B. This is 
done experimentally by determination of the 
time of outflow for a scries of liquids whose 
viscosities cover a large range, the viscosities 
also being determined by moans of a visco- 
meter of such a typo that the absolute values 
may be calculated. 

§ ( 3 ) TEMrER.-VTURE COEFFICIENT OF VIS- 
COSITY. — The viscosity of a liquid is dopondciit 
to a very marked extent upon its temi)erature., 
particularly for the first 40°-50® 0. above th(‘. 
setting point of the oil. A typical case is 
shown in Fig. 1, which shows the variation 



Tig. 1. 

of the viscosity of a Texas fuel oil over a 
range of about ()()*’ (!. The vise-osity will bo 
seen to have dr()])p(Hl from ()*007 units to 
about O'OOOfl over ibis range of tem[)eratur(^. 
The rate of (dinnge in llu^ steepew part of the 
curve corrcHpondvM to about 10 per cent peu* 
degree centigrade', so thaty in orelew to WHuire 
an ac'curaey of I per (iciit at this point of 
the curve it is aoc^csssary to know tlic tem- 
perature of the oil to tb(i mwest O-T' <)., 
ami furtlu'r, tbc toinjxu'aturo of th<^ oil must 
be maintaiiKMl (toustaut to this degree of 


It will thus be senm that atieniiou inusiy b(^ 
paid to t(mipcu’atui’(' eoutrol iji l.lu^ (h'Higii of 
viseomettwH. At/ ti(‘mp<'r}itur('!-i mor(^ diH(ia,n(y 
from the H<dtiug point of tJu' oil the (dTt'et- is 
less mark(‘(l, and (^v(mt^mJly tlu^ viHcosity 
tends to Ix'conu^ miu^b h^ss d<q)('ud(mt» on th<‘ 
teunperature. 

The relationslnp botw(XUi viHe(>sity and 
temperature has be(m itivestigabHl on many 
oce-asions, but no satisfachiory simph'i fornuda 
has been derived to express this relationship 
to any reasonable dogi-oe of aeeinvu'y. Slott.e 
put forward the formula 

'j 1 /r,M /o,/r 

where k\ and are eotistants dep(m(ling on 
the nature of the Ihjuid, and ami 7 ;,, are the 
viscosities at the ti(uuperatur('H //’ and 0" 
respectively. A modilicadion of this fornuda 
which has been found to suit pure li(|ui<ls is 

A 

’""'(14 !«)•' 

whore A, B, and c ai'o constants, 
formula is, howeveu*, cumbersome to work 
with, and oven such a formula does not 
roprosont satisfactorily the experiuHuitnJ n^sult/S 
obtained for oils, mainly owing to tlu^ fact 
that the oils met with in (lommenu^ an^ not 
(lolinito cluunic^al (H>mpounds, hull consist of 
mixtures of a larg(^ iiumluM' of eoinpom'uts 
not readily H<‘parat<xl by ordimiry elxunleal 
means. To represent adcMjualcly tin' rela- 
tiouship between tlie viscosity and t(Mnp('ra- 
turo w<udd involve the uh<^ of many tnoiH^ 
constants. 

Further rehwouee to the (luest.iou of t(nnp(>ra- 
turo will he made when diseussiug the indi- 
vidual ty|)es of vise.om(d(U’. 

§ (4) Redwood Vimoometwh ^ (Typo No. 
X). — The Redwood vise.otueter, which was 
desigiK'.d and iiiti’odiuuMl by tlu^ lat(^ Wir 
B<)V('rt(>n R(Klwood in ISSfl, (U)nHiMtH of i\> (lylin- 
dri(ud oil cup pr()vi(l(xl with (h('rinom<‘(i<u* 
and a filliiig tuark, snrroumb'd by a wa4(M*- 
batb by means of which tlu' oil v('hs(' 1 may lu' 
tmunta.itie<i a(i aoy dc'siiHal t(Mnp(M*a4nr(‘. In 
the bottom of th(^ oil (uip an ar^Uite j('t Is (i.\(a|, 
fldie agatici j<‘t is concave on, (he upp<‘r sid(‘ 
to jillow a mel.aJ ball cainh'd on a. HlhT wir(‘ 
to serv'ci a.s a vaivc’i for slya.rting or stopping 
the flow of oil fi’oin tiu' oil v('ss<d. flht' oil 
cup is silver-pIa,t(Ml iiibu’naJly to arvoid <‘li<uniea,l 
rc'action betwcHMi tiu* ni(*tail parlis of tlu* iiistru- 
numt and the a<uds pr(*H<*nt in maitiy of (lu* 
oils which may b(* t(*Ht{‘d in it. fl'Iu* (*ss(‘nlial 

^ For a full (U'sciiptlon of Mu* biHtruiiaait 
Hboulfl b<i made to (a) /V/ra/raa/ uiiU //« 

Sir Bov(*riou I{(mIwoo(I, 3nl (mHMoii : or (It) "On 
Viscouuflry,” Sir l{ov(‘r(ion Itedwood, (Vava. Iin/. 
tSov. IH8n, v. lliI-133. 
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(liiiUMiHioiiH ill Hdcorciaiuio wiili the official 
Npocilicaiiioi) arc Hhown in 2 and 3. 

In the coUHtruelion of' the instrumonl. 
(iini(‘ulty iH expenVneed in dnllinjr the hole 
throuf^h IiIk* aij^ato jc't iio (‘xat'.{» dioioiiaiouH, 
wo Modi it ia tlK*! praciicio for the fillitipj iioint 
of Mio iiiHtruniont to bo iidjustcd, after the 


/ 



.Ido, i:. 


j(\(i haw hucIi Miat the tinu‘. of out- 

llow of ho c.o. of rape oil at dO” K. Khali 1)0 
(^pud to 535 H(MioudH. If in order to do thin 
it iH noooHHary to place the iillin^;^ mark at a 
diHtaueoof more than 5*3 mm. from the normal 
poHition hIiovvii ou the diagram, the jet is 
rejeeOnl and a more accurately drilled jet is 
ehoHtm. 3'he uho of Hteel or other metal for 
the jet would obviate Mils difficulty, but such 
jetH would ho more 
liable to damage 
(mechanically or 
l)y eorroHiou), and 
houeo the uho of 
agate iu coiiHidercd 
a(lvantag(‘ouH. In 
svorking with thiH 
iuHtrument it in 
of particular im- 
))ortauee that the 
Jet Hlundd only be 
t'leaued with Hoft 
matiM'ial (o Jivoid (diipping at the sharj) 
(Mlg('H or Moratehing of the internal Hurfaee. 

An invi'Htigidiioii of the lt('dw()od viHcometor 
(No. I TypiO WHH tuade at the National 
PhyHieal Lahoral-ory ^ in ,1912 and 1913. 
Prelijniuary work hIio wed that in the use of 
the iuHtrurncmt it was important that the 
viHeot^)eM^r nlioidd be carefully levelled before 
adjuHliing tlu) oil Hiirface to tlie (ixed mark in 
tlie oil cup; and further that the oil Hurfaeo 

^ '* MethodK and Api>nnituK UHcd in l*('trol(‘um 
Tcrttlnw, 1‘art II., VlHconK'try,” W. I'\ IliTOiim, Vo}- 
/(Tfed Itt'Hi'ftndi.i'H, FJ*.h, xL 1, or ('hm-. ind. Sot\ J. 
(AbHtraet), 1U13, XKXli. 


should bo carefully adjusted to the level of 
the mark before making observations. An 
error of 1 mm. in setting resulted in a change 
in the time of outflow, and consequently of the 
viscosity, of about 1-3 per cent. 

A number of oils were examined in instru- 
ments of normal dimensions, and the times 
of flow were compared with the viscosities 
of these oils determined in absolute units by a 
method similar to that employed by Thorpe 
and Roger. 2 These tests were made over a 
wide range of temperature. 

L\) evaluate the constants of the formula 



curves were plotted between T (time of out- 
do av on the Redwood instrument) and yj/d in 
absolute units. Such curves are found to be 
Boiisihly straight for values of T greater than 
about 200 secs., indicating that the value of 
B/T is small compared with AT for such 
values of d’ ; the slope of this straight line 
couseiiiiently gives the value of the constant A. 

To olitain the value of B by a simple 
graphical method, it may he noted that the 
general formida may be written 



If now tile values of v/To and l/T'^ are plotted 
a straight lino should result. This was found 
to 1)0 the case, and the sloi)e of this straight 
lino gives tlio value of the constant B. This 
leads to the following values, A = 0*00260 and 
B = 1*715 in CUkS. units. The corresponding 
values for foot-pound-socond units are 

A = 2*80 X 10“6 and B = l*85 x lO-^. 

The ini])ortanco of maintaining the oil at a 
constant and uniform temperature during 
ohservationH has already been pointed out. 
Tho No. 1 tyi)o Redwood viscometer oTers 
dilliculiy in use on this account if the tem- 
])eraturo at which the viscosity is desired is 
not in the neighbourhood of the. air tem- 
perature, largely owing to the upper surface 
of tho oil btflng unprotected and open to 
tho air, wliilo tho under side of the jot is also 
cxf) 0 sed. 

Ror accurate determinations it is necessary 
for the complete instrument to be enclosed in 
a con.stant-tomperaturo chairrbcr. This offers 
difficulties at tho higher temperatures, and 
roaHonahly accurate results may he obtained 
without a coiiHtaut-tomperaturo enclosure by 
c.arcful attention to procedure, in view of the 
fact that tho time of outflow for many of the 
t)ilB of industrial interest is short above 
50^-60° (I In such cases the temperature of 
tlie water in the bath surrounding the oil cup 
is taken to a value a few degrees higher than 

* Ro}/. ,Soc. mi. Trans., J894, clxxxv. 430. 
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tliat at wliieli the ob.servatioii in to bo mado, 
and the oil is allowed to pick up tlio tcnipora- 
turc of the water- bath, bein^ Htirrcd thoroughly 
during this period. Tho tompcraiuro of tho 
water-bath is then allowed to drop very slowly 
to the required value, the stirring of tho oil 
being continued until its toinperaturo roaeshes 
that of the water. Stirring is then stopped 
and the oil is allowed to flow out into tho 
graduated flask beneath tho instrument and 
the time of outflow is noted. During tho time 
of outflow the temperature of tho oil as indi- 
cated by the oil-cup thermometer should bo 
fairly steady, a drop of tomporaturo of a 
fraction of a degree being generally obtained. 
The mean value of tho temperature during tho 
time of outflow is recorded. It is also import- 
ant that tho flask into which the oil flows 
should be warmed to tho temperature at which 
the observation is being conducted, and that 
tho flask should be protected by some suit- 
able material such as cotton wool during the 
course of the experiment, in order that tho 
temperature of the oil in the flask may bo 
approximately the same as that in tho oil 
cup, otherwise the volume of oil outflowing 
will vary according to the temperature instead 
of being the standard quantity, i,e. 50 c.c. 

§ (5) Redwood Viscometer (No. 2 Tyre). — 
For the determination of tho viscosity of 
lubricating oils over tho normal ranges of 
temperature for which these oils are used, the 
No. 1 type of Redwood viscometer descrihed 
above is convenient, but for fuel oils for which 
a knowledge of the viscosity is required a.t 
comparatively low temperatures tho determina- 
tions with the No. 1 type of instrument occupy 
an unreasonably long time. In eonneetion 
with the pumping of fuel oils through pipe 
lines or from storage tanks in tho open tho 
value of these viscosities at 0° 0, is frocj^uently 
desirable. Accordingly Sir Bovorton Redwood 
designed a second typo of viscometer known as 
the Admiralty Fuel Oil Viscometer or tho No. 
2 type, to enable this clotormination to bo 
carried out more readily (see Fig, 4). Tho 
size of the oil cup remains unchanged, but tho 
dimensions of the jot are increased so that tho 
time of outflow is approximately one-tenth of 
that for tho No, 1 typo viscometer for tho same 
oils. In addition the bath surrounding the 
oil cup has been considerably inoreaHod in size, 
and is lagged so that it may bo lillcd with ice 
for making measurcTnents at 0° (I. 4'he oil 
ciif) itself is raised in tlio bath and the j(^t is 
placed within a tube so that the under sid(^ of 
tho oil cup is also exposed to the tom])oraturo 
of tho bath. This is an improvetnent on th(^ 
design of tho No. 1 ty[)o. Tho iip[)or surface of 
tho oil is, ]iow(wer, exposed to tho air, wlu(di 
makes it dillicult to (‘usuro that tho whole of 
tho oil is at Ui uni form tomjxu’atiiro. In tho 
use of tho instrument attention may also bo 


called to the possibility th(> coiKhmsation of 
water on the surface of the oil and on the 
under shh^ of the jet when using tli(» instrument 
at' low temperatures, <‘Hp(H‘ially on a, damp day. 
This eondenscHl water may run into tlu^ nuNisur- 
ing fla-sk if tlu^ mH!(‘SHary pr('ea.u('iouM are not 
observefl. 4'ho (piantiiy of oil allow('d Inflow 
into Die measuring flask is tlu'' satms viz. 50 ('.e., 
as in tho ease of the standard insirunumt. 

Tho normal nu^tbod of indi(‘aiing n'sidis for 
a viscosity doD^rmination is to (juole the time 
of outflow in Hoeonds of 50 of oil. For 
purposes of subsequent calculation, however. 


Support for Wacar-bath 
T ha rmo motor 


Support for Oil-mtp 
Thormomotiir 
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it is more uscdul to know tho absolute value of 
the vise.osity. An invc'stigaiaon was earri<al 
out at the National Physical Ijaborat.ory on 
tho linos of that n'lferrcHl to in connection with 
tho No. I t.yj)e instrument to (hdnnnino tlu^ 
new values of tho constants A and B in the 
general expression 



For tho No. 2 typo tlu^ values are as follows : 
A'()-()270, 

JD2, 

when tho roHults are exprc'SHcal in (Ul.N. units. 
The corresponding values for foot-pound 
s(Ku)nd units arc 

A^ 2d)U:10"^ 

B I'20x 10 I 


§ (0) The MNcnaoit Vis(iommtku.’ ■ ■ 1’bo 
Mugler visconudor was introduet'd about ilu^ 
same time as the No. J lype of R(hIwoo<I 
instrument and, as in tlu» easi^ (d' tlu^ lalder, 
consists of an oil eup provided with a j(d. at ike 


\ rraiunKsbesikummigiai I’llr Z)ihlgk(*ll,sm<‘SK(‘r 
muih huKler,’* Zeitft. (fhrni. lud,, ll)()7, No. i) ; 
‘‘ Ida AppanU; zur Ih'Htiauuiinw <ler sogcumnnto 
Vlseosltal' (ha* S(*hmh‘i'(>l(\’‘ (t. Miigha*, Ztdlii. 

l.K. 1 80- IDO; SphmivpmUtel und ihrv Unttr- 
mdiiunj, A. Kuukler, IIO-124. 



VISCOMETRY 


1051 


1 (>\V(M‘ Olid, but th(' whole is enclosed in aM’ater- 
b:iih iJio {rouomi d(\si,i>:n of which more closely 
rcHcunhlcs that of tlio No. 2 type of Redwood 
visooiu(d;er. ddio diiuensions' of the Englcr 
iiisiii'uiiKMit are shown in Fig, 5 ; they differ 
from those of the Redwood inatrumont in. that 
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stnicted tables to convert times of outflow to 
absolute viscosities. ^ His formula is 

7_4*072T 3-513T^v 
1\, T ’ 

where T is the time of outflow from the Engler 
viscometer of 200 c.c. of the liquid under con- 
sideration and Tw is the corresponding time 
of outflow for water at 20° C. for the instrument. 
The product Zd is known as the “ specific 
viscosity,” and is connected with the absolute 
viscosity by the expression 

77= Z5x 0-01797. 

Z is in effect the relative viscosity of the liquid 
compared with that of water, allowance being 
made for the density (5) of the liquid. 

For a viscometer of normal dimensions Tw 
should be 51 secs., so that the above expressions 
may be combined giving 

0.09 

^ = 0-001435T-^. 

0 1 


the oil ouj) iswidorand shallower, while the jot 
is longm* and of larger (Uainotcr. The levelling 
of the Enghn* viscoim'.ter is carried out by 
bringing the oil surl'ac.e into coincidence 
simullijuuHmsly with (vich of three Idling points. 

voluim^ of oil dealt with is larger, a flask 
of 200 e.e. capacity being employed instead of 
tli(^ 50 c,(^. for the Redwood instrument. In 
vi(^w of the shallow nature of the oil cup 
gn^ator care has to bo paid t(» the levolling of 
this apparatus. An error of 1 mm. in setting 
the iniiial level gives an error of 2*5 i)qv cent 
in (he results. 

In th(^ olVuial speiiluiation for the Englcr 
apparaiiUH it» is stated tluit the time of outflow 
for 200 (‘.e. of distilhsl water at 20° 0. must lie 
b<iAV<MMi 50 and 52 seconds. This variation 
has to 1)(^ allovviul, as it is impracticable to 
H(Huire an a(u*,ura<'.y of more than I per cent in 
thi^ intm’ual dianuiier of th(^ jet ; tiiis variation 
taluks the plae.e of the variation in height of the 
filling point whi(‘h is permitted in the case of 
tlu^ Rtulwood instrument to com])cnsato for 
th(^ slighl'ly varying diatiavlers of the jids. It 
may bes poinUal out hm’e that the jet of the 
Engler a.ppu, rains tap<ws slightly, probably for 
eonvenii’inee in inanufa(*-tun'» ; the taper being 
ai)i)roxiniately 1 in 30. This convergence) 
involves slight modification in the ordinary 
I'oiHouille formula for the flow (if a liquid 
through a tube; t4ie elTeet, however, duo to 
this is of the ord(W of 0-2 per c-ont, so need not 
be taken into account. The flow of a viscous 
fluid through a circular tube with unifcirmly 
(u)n verging boundaries has been thoorotioally 
iav(wtigatcd by (UbsonA 

ViHCosil/ic^H (letermiiKsl on the Englcr visco- 
m(d(w are expressed in terms of the time of 
outflow of watcir, and Uhbelohdo has con- 
^ Phil. M(tg„ 1001), xvlU. 35. 


It will be noted that this expression is very 
similar to that derived for the Redwood visco- 
meter, the values of the constants necessarily 
being different on account of the different 
dimensions. The ratio of B to A is greater for 
the Englcr apparatus than for the Redwood, 
indicating that the kinetic energy effect is of 
greater importance in the Engler viscometer ; 
this is, of course, due to the larger diameter of 
the jot. 

From the two formulae previously quoted, 
for the Redwood and Engler viscometers 
respectively, a comparison of the times of out- 
flow can at once bo made. The ratio of these 
times becomes sensibly constant for values of 
150 sees, and upwards for the Redwood 
viscometer ; the constant value of the ratio for 
instruments of standard dimensions is T81, the 
time of outflow from the Engler viscometer 
being greater than the corresponding time from 
the Redwood instrument. 

One point to which attention may be drawn 
in connection with the Engler instrument is the 
provision of a double cover to the oil cup, which 
is a marked improvement on the Redwood 
instrument. Of course, in the case of the 
Engler viscomotor provision of this nature is 
quite essential in view of the large surface of 
oil otherwise cxjiosed. 

For oils of high viscosity there is no modified 
form of the Englcr viscometer corresponding 
to the No. 2 tyi)0 of Redwood instrument, but 
L. Edoloanu and Milo. Eulugea have suggested 
that the time of outflow for thick oils should be 
determined for quantities of 25, 50, or 100 c.c. 
instead of for the normal quantity of 200 c.c. ; 
in this way observations can be obtained in com- 
paratively short times. The time of outflow is 

“ h. nbbelohde, Tabellen zum Pnglerschen Vishosi- 
meter i 1907. 
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not directly proportional to the q iiantity , as the 
head under wliicli the oil ilows through tlu^ jot 
is greater at the eonunoncoinent of an obsoi’va- 
tion than at the cud ; consequently the above 
investigators have dctennincd a scries of 
factors by which the times for the sinall 
quantities must be multijdicd to give corre- 
sponding times for the standard quantity of 
outflow, namely 200 c.o. 

^ (7) The Savbolt Visoometek. — The Say- 
holt viseo meter is used largely in America and 
W'as designed hy the Stan(lard Oil Clompany of 
America for commercial use in that country. 
Several forms of this instrument have been 
made, but there ap]oears to ho no official 
specificatitm ])ublishcd dealing with tlio instru- 
ment. This viscometer is similar in construc- 
tion to the instruments already described in 
that a short jet is attached to the lower end of 
an oil cup surrounded hy a water-bath. The 
initial setting of the oil level is accomplished 
hy completely filling the oil cup so that the 
oil just overflows into a channel surrounding 
its upper edge. I’ho relationship botwoon the 
time of outflow and the absolute viscosity 
of the oil has been investigated recently 
at the Bureau of Standards by W. H. 
Herschel.^ 

Eor a kSaybolt Universal viscometer of normal 
dimensions the constants A and B in O.G.S. 
units in the formula 


are A=0-0022(), 

B=l-80. 

§ (8) The Barbet Viscometer.— Barbot’s 
viscometer is of very restricted use, and a 
brief mention only will be made here. Tlie 
instrument is of the flow type, hui. is distin- 
guished from those already dealt wfltli in that 
the jet is annular instead of cylindrical ; tlio 
jot consists of an iron rod 4 mm. in diameter 
supported centrally in a cylindrical hole 5 mm. 
in diameter in a brass block. This methevi 
offers obvious disadvantages in that the 
accurate centring of the rod within the bole 
is difficult of attainment. 

§ (9) Torsion Viscometers. — The instru- 
ments dealt with up to the jircacmt have all been 
of the flow^ typo. A number of other instru- 
ments, however, have been devivsed from time 
to time, but these are of very limited a.])plica- 
tion and have not met witli general uso in 
industrial work. The torsion typo of visco- 
meter depends u])()n the drag exerted by a 
viscous mediiini upon the motion of a cylinder 
rotating wiihiii a cylindiical vessel. Tims in 
the Doolittle viscometer the cyliiuhn' is sup- 
ported by a torsion wire from a torsion liead 

1 Jiurmn of Stmidanla, Tedm. i)ai)cr J!^o. iOO, 1017, 
and No. 112, 1018. 


wliieb may bo rotattMl through a, (biinilc' nngh' ; 
a-tbuflied to the (\vHnd(‘r at the. lowm’ (aid of the 
wire is a [xaubo' moving ov(U’ a e.lre.ular sesh^ 
The upper end of tlu^ wire is roiatixl (Jirough 
3()0 degrees, buti owing (u tlu' viseosity of Mus 
liquid in which th(‘ eylinder is imnuM'sc'd tlu^ 
lower end of the wire, will ,U(»t movc^ l,o llu' Ha,nie> 
extent, fl’he eyliiuha’ roi^attvs for pait of a> 
revolution and iluai swings back in tlu^ opposites 
diroe.tiou to a still smaller ext(snt. flflio 
retardation betwauMi the lirst and h(Hiond 
swings may he taken as an ai)proximate 
measure of the viscosity. RefcMusmse sluaild bo 
made to the article on “ Drietiou ” ^ for a 
comjfleto account- of the nusthod of {hsticrmina- 
tion of the absolute viscosity by the logarithmic 
decrement of an oscillating discs. 

In the visciometesr introduec'd by Scsarlcs ** for 
use with very viscous licpiids, the torcpie 
required to rotate ones cylinder within anotlicsr 
cylinder where the interveniug space is lilled 
with the liquid under tost is measiircHl for 
definite velocities of rotation. The nusthod is 
ospoeially applicable for uso with very viscous 
substances such as tar, thick syrup, and the 
heavier crude oils. The ordinary design of 
this apparatus does not ])rovido for e-ontrol 
of temporature, which is of the greuvtost imxiort- 
anco in thoso determinations. 

§ (10) Miciiell Viscometer. — A veuy 
simple typo of viscoinotor for c-ommorcnal work 
has recently boon i)ut U|)()n the ma-rket, which 
consists of a stead ball fitting into a siic'cd cuip. 
Oomplete contact is proventcsl hy Ibrca' small 
projc'.etions on tlu' iimcn' smhvce of (Ik^ cuip, 
w'hich maintain the hall at a dedinite^ dislaiuie 
from this surface'. In op<'ra.tion a f(‘W drops of 
oil an^ plactcxl in tlu' cup and tlu^ hall is put into 
position, air Ixdng cai-idully ('.xcIucIcmI from 
betw'cen tlui two. cup is them invcu’tiHl 

and the hall is prevssed upon a hard Hurfa.c(^ to 
ensure' edosc ex)utac.l with, the^ projcHdious. 
The cup with hall is then lifted vcaiically and a 
stop-watch simultanc'ously started ; nftc'r a 
period has elapsed the ball will detach itsedf 
from the eui), and the moment it becomes free 
the watch is stopped, fldic period required for 
the ndeaso of the ball is a nuuisure of the 
viscosity ed the oil filling tlu^ spaeu^, auel tlie^ 
action of the instrumemt (Uqxmels on t-hc slow 
creeping of the eiil through thes semn-Bpbe'rieal 
shell l)otwxMm cup anel ball. The tcnqx'ratun^ 
of the oil is indie-.ated hy a Ihe'rmcmed-eu’ in- 
serted in a hole in the* lumdk^ aitaoluxl to tlu^ 
cuj) and tlu^ relatively hirge^ amount of nud-al 
employed in the construedlon of the iuHtnmumt 
ejom[)ar(Hl with tin' small einantity of oil undeu* 
examination (msiires tliat th<^ temqxu’ature of 
th(‘ oil I'omains semsihly exrnst.ant at the value 
indieatexi by the^ tlKU’monxdiu’ during the^ 
test. Kerr more a-c,curatiO dedcrminalions the 

“ " PricUon," (5), (0). 

" (Jamhrhlue. Phil, A'cr. Pwc., h)12, .xvl. (lOi). 
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operation is carried out with the cup and haU 
completely immersed in oil throughout the 
observation. In this 
way surface tension 
eSects at the edge of 
the oil film in the 
ordinary method of 
procedure are elimin- 
ated, and the time 
taken for the ball to 
detach itself from the 
cup is solely dependent 
upon the viscosity and 
density of the medium. 
Fig. (5 gives dimensions of the standard 
instrument. f. h. 

Viscosity ; 

Defined by Maxwell. See “ Friction,” § (1). 

Of Fluids, Mechanical: the shearing stress 
w^hich may exist in fluids which are in 
turbulent motion. See Friction,” § (11). 

Of Gases, Experimental Determination. 
See ibid. § (5). 

Kinematical, Effect on Heat Convection. 
See “ Heat, Convection of,” §§ (2) (iii.) 
and (4) (v.). 

Of Liquids, Effect of Pressure on. See 
“ Friction,” § (8). 

Of Liquids, Pt)iseuiUo’s Experiments. See 
ibid. § (5). 

Mechanical IVIcthod of Determination of 
Coefficient. See ibid. § (12). 

Of Solids. See ibid. § (10). 

Temperature T’ocificient of. See “ Vis- 
cometry,” § (3). 

Theory. See “ Friction,” § (2). 

Of Thk^k Oils, Experiments at the National 
Physical Laboratory. See ibid. § (7). 
Visr’osiTV T.vciikometkr : Air type. See 
Meters,” § (10) (ii.), Vol. III. 

Mercury type. See ibid. § (10) (i.), Vol. III. 


Viscous Fluid : 

Dynamical Similarity in the Motion of : the 
principle that, if a series of bodies, all of 
the same geometrical shape, be moving in 
a system of fluids, viscosities ?q, , 

with velocities Vj, Vg . . . , then, j)rovided 
VZ/r is maintained constant, photograj^hs 
of the flow pattern taken on cinemato- 
graph films of the same size will all be 
identical as far as the consecutive geo- 
metrical configuration of the stream lines 
and eddying systems are concerned ; the 
rates at which the processes unfold them- 
selves will, however, be different. See 
“ Dynamical Similarity, The Principles 
of,” § (17). 

Motion of a : Relation between Experi- 
ments on Model and on Full Scale, 
considered by the principle of Dynamical 
Similarity. See ibid. § (18). 

Motion of a Body in a, considered by the 
principle of Homogeneity of Dimensions. 
See ibid. § (14). 

VOLUMD-GOEFFICIEXT OF EXPANSION OF A GaS, 

Expeeimental Determination of, at con- 
stant pressure. See “ Thermal Expansion,” 
§ (16). 

Volume-coefficients of Various Thermo- 
metric Gases, tabulated. See “Tempera- 
ture, Realisation of Absolute Scale of,” 
§ (18), Tabic 3. 

Volumes, Relative, of Various Gases at 

: High Pressures; Amagat’s values, tabu- 

! lated. See “ Thermal Expansion,” § (18) 
(iii.). 

Volumetric Efficiency. See “ Petrol Engine, 
The Water-cooled,” § (3). 

Volumetric Heats : Tables of, for Nitrogen, 
Carbon Dioxide, and Water Vapour. See 
“ Specific Heat of Gases at High Tempera- 
tures,” §§ (3), (6). 


Hollow Hctndl^ to 
carry Thermometer 


m 


^ Steel Oup 
'projection on Cup 

(0-00 f- 0-002'') 


Steel Ball,^/i diameter 

Big. 0. 


W 


Wake and Hull Efficiencies. See “Ship 

Resistance and Propulsion,” § (45). 

Water : 

BoiUng-})omt of, on Centigrade Scale, at 
different barometric pressures, tabulated. 
See “ Thermometry,” § (3) (v.), Table L 

Expansion of, at various temperatures. See 
“Thermal Expansion,” § (U). 

Influence of Pressure ()n Thermal Expansion 
of, tabulated results of P. W. Bridgman. 
See ibid. § (12). 

Latent Heat of Evaporation of, experi- 
mental values f(jr, com}>ared with those 
given by theoretical formulae and tabu- 
lated, See Latent Heat, § (fi). 

Table IV. 

Latent Heat of Evaporation of, Griffith’s 


values for temperatures 30 and 40^^ C., 
tabulated. See ibid. § (2), Table II. 

Latent Heat of Evaporation of, A. W. 
Smith’s values for, tabulated. See 
ibid. § (4), Table III. 

Latent Heat of Evaporation of, Regnault’s 
values for, tabulated. Sec ibid. § (1) 
(i.), Table I. 

Specific Heat of, at various temperatures. See 
“Heat, Mechanical Equivalent of,” § (7). 

Specific Heat of, Regnault’s value and 
application of. See ibid. § (7). 

Water-fower : 

Industrial Applications of. See “ Hy- 
draulics,” in., §§ (46), (54).^ 

Supply available for, and list of largest 
installations. See ibid. § (29). 
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WATEB WAVES, SPEED OF— ZIllCONIA, FUSED 


Water Waves, Speed of. In shallow water, 
in. which the depth h is siDall coiuparcd with 
A, the wave-length, 


In deep water, whore h is large conii^ared 


with X, 





Water-wheels. See “ Hydraulics,” § (47). 

Watt’s Engine. See “Steam Engine, Re- 
ciprocating,” § (11)- . . 

Wave-length, “ Effective,” determination 
of, for various temperature ranges. See 
“ Pyrometry, Optical,” § (12). 

Wave-motion Power Transmission. See 

“ Hydraulics,” § (G6). 

Waves : 

Theory of. See “ Ship Resistance and 
Propulsion,” §§ (22) and (23). 

Velocity of, Application of Dynamical 
Similarity to. Sec “ Dynamical Similar- 
ity, The Principles of,” § (13). 

Whirling Arm Dynamometer for testing 
Air-screws. See “ Dynamometers,” § (8). 

White, determination of melting-points of sili- 
cates, using a thermocouple. See “ Thermo- 
couples,” § (22) (ill). 

Wien’s Displacement Law : the law govern- 
ing the distribution of energy of radiation in 
various parts of the spectrum. It states that 


where t is the absolute temperature, 

Xis the wave-length of radiation 
considered, 

E\ is the density of isotropic energy 
per unit wave-length, 


and / an unknown function, (hd^oriniiiod by 
other oouditiouH than tbOvSe of tln'iimio- 
(lyuainic.H. S*ce “ Kiadiation Tln'ory, § (f)) 
(ii.), Vol. 

Wien’s Icormula : a formula giving an 
approximation to the curve of (liHl/rilnitiou 
of radiant energy along tlie Hi)(u*,truin, oil 
the side of tlu^ shoi’t wavivlongths. It 
has the ftirm 




Ht/zo 




and was the earliest radiation formula to 
bo suggested. See “ Radiation Tlu^ory,” 
§ ((>), Vol. IV. 

Wien’s Law and Stefan- Boltzmann Law, 
Comparison of, to 2800° C. See “ Pyro- 
metry, Optical,” § (2) (iii.). 

Willard Gibbs’ Tiiermodynamio Potentials. 
See “ Thermodynamics,” § (51). 

Witkowski : investigations on the expansion 
of air and hydrogen at high pn^ssun^s, 
comprising temperatures below 0° C. See 
“ Thermal Expansion,” § (IB) (iv.). 

Values of pv for air at high proasuros and 
various tomperaturoa, tabulated. Sc^o 
ibid, § (18) (iv.). 

Values of pv for hydrogen at high proaauros 
and various temperatures, tabulated. Soo 
ibid, § (18) (iv.). 

Wood, Strength Tests on. See “Elaailc 
Constants, Detormination of,” §§ ( 122)-( EM). 

Wood, Thermal Conductivity of. Seo 
“ Heat, Condindiion of,” § (4) and Table 11. 

Worm Gear. Soo “ Mochanical Powers,” § (1). 


Y 

Yield Point definition of the yield point 
and distinction between it and the elastic 
limit. See “ Elastic Constants, Determina- 
tion of,” §§ (21), (62). 

Young’s Modulus : a terra used, in the theory 
of elasticity, to denote the constant E in 
the strain system 


E and <r being constants of the material, 

Cyy, the stretches in the directions of the 
axes Ox, Oy, Oz respectively, the matcnial 
being under asinpile tensile stress of amount 
Tj. See “ Elasticity, Theory of,” § (4). 



Zero, Absolute. See “ Thermodynamics,” 
§§ (4), (21). 

Zero of a Thermometer, Determination of. 
See “ Thermometry,” § (3) (iv.). 

Zinc : 

Atomic Heat of, at low temporatnnis, 
Nernst’s values for, tabulated. See 


“ Calorimetry, Ehvitricuil Methods of,” 
§ (11), Tabic VI. 

Specific Heat of, at various temper/? turi^s, 
tabulated, with the Atomic .H(?ak See 
ibid. § (10), ':rabl(? V. 

Ziroonta, Euh ED, a very rofracitory substance 
suitable for use as tlu^ out(?r proOndiing 
sheath of n tlnu'motdemcnt. See ” I’hermo- 
couploa,” § (5) (vl). 
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